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Abstract 
 
 
Upon the detection of human remains, the postmortem interval (PMI), which is the time elapsed 
since death, is one of the most substantial particulars necessitating investigation in forensic 
case work. Due to the resilient nature of bones, skeletonised remains are more likely to persist 
during decomposition than other biological tissue, making their examination invaluable in the 
calculation of PMI. To date, attempts at the development of an accurate method for PMI 
estimation in the later stages of decomposition have not been successful. In recent times, 
research on benchtop and portable Raman spectroscopy has demonstrated their potential in the 
calculation of PMI from skeletal remains, yet, at this point, their application for this purpose 
has not been established.  
The present study aimed to optimise the method for the analysis of bone samples collected 
from pig carcasses with PMI ranging from 12-30 months using benchtop and portable Raman 
instrumentation, and analyse spectral data of diagenetic patterns in decomposing bone. The 
present study demonstrated that bone scraping is a more effective solution to problematic 
fluorescence than chemical bleaching. Furthermore, due to the inability to collect usable data 
at 785 nm excitation, the research exhibited that testing of bone samples at 1064 nm produced 
high quality spectral data. Additionally, analysis of femora was preferred over other bone 
classifications. Results obtained using the optimised parameters demonstrated visual 
differences in peak intensity in spectra from bones with varying PMI, particularly in amide I 
and amide III, which exhibited a gradual pattern of decrease in peak size and distortion in shape 
in some spectra. This is likely related to the reduction of collagen in bone samples as PMI 
increases.  
Through the optimisation of Raman spectroscopic analysis of bone samples, the study provides 
the necessary methodology for the characterisation of diagenetic patterns of decomposing bone 
and preliminary baseline data on which further research and potentially future forensic case 
work can rely. The study recognises that further inquiry into the diagenesis of forensically 
relevant skeletal remains can provide substantial information which is crucial to the design of 
a reliable technique capable of accurately estimating PMI from bone material within the 
Hawkesbury region in NSW, and producing evidence that is admissible in courts of law. 
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Chapter 1 
 
Introduction 
 
 
1.1 History of forensic anthropology 
 
The examination of human skeletonised remains which arise from unsolved deaths falls within 
a discipline known as forensic anthropology (Byers 2011). Specialists in this field of study 
possess a great amount of knowledge in anatomy and biology and are capable of extracting 
details from remnant skeletal remains about the person that had lived, and about the 
circumstances surrounding their death. Regarding the application of forensic anthropology in 
the analysis of legal problems encompassing human osteological matter, it is an applied science 
that entwines both anthropological and forensic studies.  
 
Commonly, forensic anthropologists become involved in the study of skeletons of decedents 
which had been identified as needing enquiry by the medicolegal community. In most cases, 
these are people whose deaths had occurred outside the care of medical doctors, within the last 
50 years (Byers 2011). This period has been deemed appropriate for the investigation of deaths, 
as beyond this time, people with personal knowledge of the decedents and the circumstances 
surrounding their deaths are likely to have died themselves. In the medicolegal sector, forensic 
anthropology is only one of many areas of expertise dealing with human death. In the event 
that located human remains exhibit significant decomposition, skeletonisation or significant 
burns, the consultation of specialties such as forensic anthropology, forensic odontology and 
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forensic archaeology are invaluable in investigating unsolved deaths possibly resulting from 
criminal activity (Byers 2011).    
 
In their examination, forensic anthropologists have five principal objectives (Byers 2011): 
1. Determination of ancestry, sex, age and living height from the skeleton when advanced 
deterioration of soft tissue renders visual inspection of demographic features 
impossible. 
2. Identification of trauma to human bone, and their causes with the intention of collecting 
details relating to the cause and manner of death. 
3. Assistance in the discovery and recovery of remains which were buried or superficially 
deposited on the surface in a way that all material of evidential value is collected and 
preserved appropriately.  
4. Estimation of postmortem interval (PMI; time since death) using their knowledge of 
the degree of deterioration that occurs as remains decompose over time.  The current 
study focuses exclusively on exploring the estimation of PMI from skeletonised 
remains within the context of medicolegal investigations.   
5. Positive identification of decedents following the analysis of all information collated 
during the examination, particularly of individual characteristics present in every 
skeleton.  
 
Thomas Dwight (1843-1911) is considered the father of forensic anthropology in the United 
States for his revolutionary work in the investigation of human skeletal remains from a 
medicolegal perspective (Stewart 1979). As a pioneer in the field, the papers he published were 
ahead of their time in applying skeletal knowledge within a forensic context in the United 
States. His research encompassed techniques for the determination of age, height and sex from 
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the sternum; estimation of stature in the absence of arm and leg bones; approximation of age 
at death using the closure of cranial bones; and assignment of sex from the joints of long bones 
(Byers 2011). While Dwight is recognised as the founder of American forensic anthropology, 
it is the Parkman murder that occurred in 1849 in the United States, to which the roots of the 
science can be traced (Maples & Browning 1994).  
 
In Australia, the history of forensic anthropology is brief and the progress slow (Donlon 2008). 
Since the early 1930’s, anatomists have been relied on by coroners and the police for their 
opinions on the identification of skeletal remains (Abbie 1976; Donlon 2008; Freedman 1964). 
The occurrences of forensic investigations in which anthropological skills are required, while 
at present occasional in Australia, are in no way rare (Blau 2004). To date, several professionals 
with specialised knowledge and skills in forensic anthropology have aided police in forensic 
casework concerning identification of human remains in Australia and neighbouring countries. 
These include Associate Professor C. Briggs from the Department of Anatomy and Cell 
Biology, University of Melbourne (Briggs & Wood 1988; Wood et al. 2002); Dr. A. Buck  
from the Department of Forensic Pathology, PathCentre, WA (Buck et al. 2000); Dr. D. Donlon 
from the Department of Forensic Medicine, University of Sydney (Donlon 1994); Dr. W. Wood 
formerly from the University of Queensland (Wood et al. 2002) and Professor R. Wright from 
the Department of Anthropology, University of Sydney (Wright 1995).  
 
In a conventional context, examinations by forensic anthropologists were generally performed 
on dry, whole and fragmented skeletonised remains. However, at present, forensic 
anthropologists are increasingly having to deal with a broad array of variably conserved 
remains such as burnt, disarticulated, fleshed, decomposed, and significantly disturbed remains 
(Blau & Ubelaker 2016). 
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1.2 Human decomposition 
 
Decomposition is the manner in which a body degenerates into its most basic organic 
constituents after death (Janaway, Percival & Wilson 2009; Vass 2001). It is a complex process 
involving cellular autolysis brought about by internal chemical deterioration, to tissue 
autolysis, facilitated by enzymatic reactions or bacterial and fungal species residing in the 
intestines, and external environmental forces (Mathur & Agrawal 2011). Moreover, bodies are 
preyed upon by a range of organisms from insects to mammals, which may accelerate the 
process of decomposition (Pinheiro 2006). 
 
Upon the detection of human remains, the estimation of PMI is one of the most significant 
details warranting attention. A precise calculation of PMI might be the difference between 
identifying a decedent or the remains being left unclaimed. In forensic anthropology, it is the 
discipline of forensic taphonomy which involves the study of biological organisms from the 
time of death to the time of detection, with a focus on the stages of decomposition as the 
remains progress from fresh to a skeletonised state. Briefly, the estimation of PMI is hugely 
reliant on the knowledge of the duration of time required for a body to achieve certain stages 
of decomposition, taking into consideration specific climatic conditions and the degree of 
accessibility to small and large animals (Byers 2011; Mathur & Agrawal 2011).   
 
The processes and progression of decomposition have been reviewed comprehensively 
(Galloway et al. 1989; Mann, Bass & Meadows 1990; Marhoff et al. 2015; Prieto, Magana & 
Ubelaker 2004; Rodriguez & Bass 1983; Shean, Messinger & Papworth 1993; Vass 2001). 
Research into human decomposition thus far focuses on the examination of postmortem 
changes in a cadaver and the length of time required for these alterations to become apparent. 
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While decomposition is an uninterrupted process, commonly, in order to reduce the complexity 
of the process for calculation of PMI, degeneration studies are generally categorised into 
various stages according to visually classifiable changes, encompassing the entire development 
from a fresh cadaver to a completely skeletonised set of remains (Galloway et al. 1989). 
Subsequently, stages of decay are standardised as accurately as possible through observations 
of the time needed for these changes to eventuate. This procedure allows forensic 
anthropologists to formulate approximate schedules of decomposition from which an 
estimation of PMI is calculated.  
 
In a forensic context, the process of decomposition can be categorised into five expansive 
‘stages’ reliant on the recognisable changes in soft tissue (Galloway et al. 1989; Rodriguez & 
Bass 1983). These include ‘fresh’ when external changes are not visible; ‘early decomposition’ 
when the skin is discoloured (green, grey and black) and exhibits bloating; ‘advanced 
decomposition’ when the flesh sinks, some bones become exposed and soft tissue mummifies; 
‘skeletonisation’ when most soft tissue has been lost and the skeleton becomes exposed; and 
‘extreme decomposition’ when bones break down due to bleaching and exfoliation.  
 
While decomposition can be divided into several separate stages, the process through which 
soft tissue is destroyed and a body becomes skeletonised is multifaceted and complicated 
(Cockle & Bell 2015; Gill-King 1997; Pinheiro 2006; Vass et al. 2002). In the literature, the 
number of stages into which decomposition is divided is hugely variable (Fuller 1934; 
Galloway et al. 1989; Payne 1965; Reed 1958) with some researchers identifying up to 21 
stages (Adlam & Simmons 2007). In every case, the most advanced stage observed on a 
decedent defines the stage of decomposition (Fitzgerald & Oxenham 2009).  
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This interpretation of decomposition is problematic for the following reasons. Firstly, the 
division into stages inaccurately suggests that decomposition is an easy process occurring in a 
definite order, while decomposition is in fact inconsistent in degree and duration of time, and 
the regions of the body which are affected (Campobasso, Di Vella & Introna 2001).  Secondly, 
several variables including temperature, season, weather, geographical location, soil pH, 
accessibility of scavenging animals, clothing and even the general wellbeing of the person will 
modify the rate at which decomposition takes place. While a substantial amount of research 
has been undertaken to examine these factors and their influence on decomposition, our 
understanding of the complicated process of decomposition is still developing (Bass 1997; 
Benninger, Carter & Forbes 2008; Byers 2011; Campobasso, Di Vella & Introna 2001; Dent, 
Forbes & Stuart 2004; Gill-King 1997; Haglund 1997; Haskell et al. 1997; Henderson 1987; 
Mann, Bass & Meadows 1990; Matuszewski et al. 2011; Megyesi, Nawrocki & Haskell 2005; 
O’Brien 2010; 2007; Rodriguez & Bass 1985; Ubelaker 1997; Voss, Cook & Dadour 2011; 
Weitzel 2005). Lastly, an identification of the stage of decomposition for use in PMI 
calculation should be based on an understanding of the specific location and the way bodies 
deteriorate in that microclimate.  Microclimates are defined as particular geographical areas 
with specific unique climate and environment, contained within larger environments with 
different climatic and environmental conditions (Rhine & Dawson 1998). 
 
1.3 PMI calculations from remains prior to total skeletonisation 
 
In the early stages of decomposition, specifically the first hours following death, there are 
several accurate methods available for PMI estimation. These are based on livor mortis, the 
pooling of blood in the lower regions of the body (Krompecher 2002; Polson, Gee & Knight 
1985); algor mortis, the reduction in body temperature after death (Houck & Seiegel 2006; 
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Morgan et al. 1988; Saukko & Knight 2004; Simpson & Knight 1985); rigor mortis, stiffness 
of the muscles (Bendall 1973; Polson, Gee & Knight 1985; Smith & Bendall 1947); and 
variations in the vitreous humour (Adjutantis & Coutselinis 1972; Aggarwal, Gupta & Nagar 
1983; Coe 1977; Henry & Smith 1980). The lapse of twenty-four hours after death, however, 
renders these techniques ineffective as they become less precise in estimating PMI (Byers 
2011).  
 
At present, one of the only ways of accurately calculating PMI after a twenty-four hour period 
is by employing forensic entomological techniques (Wallman 2002). Forensic entomology 
involves the examination of the life cycle of insects present in and around the decedent and 
observing their succession on cadavers for approximating PMI (Byers 2011).  Alternatively, 
estimation of PMI from remains with soft tissue still present can be performed through the 
numerical staging of the decomposition process from observations of visible changes to the 
appearance of a decedent (Fitzgerald & Oxenham 2009; Hayman & Oxenham 2016; Marhoff 
et al. 2015; Megyesi, Nawrocki & Haskell 2005; Simmons, Adlam & Moffatt 2010). Recently, 
in the hopes of improving PMI estimation techniques, professionals in the discipline of 
taphonomy have shifted their focus towards quantification of decomposition over time through 
mathematical equations for deducing PMI. These methods are based on the numerical staging 
of body decay whilst accounting for the significant factor of temperature (Henssge & Madea 
2007; Marhoff et al. 2015; Megyesi, Nawrocki & Haskell 2005). Although these methods have 
been shown to be more precise than qualitative procedures in the description of decomposition, 
the testing has been limited to a small number of geographical areas with conditions exclusive 
to that location. At the time of writing, a standard and universal quantification method of body 
decomposition for PMI estimation applicable to any environment and situation has not yet been 
developed.  
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As more time passes and decomposition progresses into skeletonisation, PMI estimation is 
further complicated (Byers 2011). At this stage, forensic anthropologists and other specialists 
are called in to aid in the calculation of PMI from skeletonised remains, which persist during 
decomposition, as a result of the resilient biological and chemical structure of bone. Bone 
structure is described in more detail in Section 1.4. Due to the lack of accurate techniques for 
PMI estimation in the later stages of decomposition, research in this area has gained in 
popularity over the last few years; this is further explored in Section 1.5.  
 
1.4 Bone biology, chemistry and diagenesis after death 
 
Bones are a vital mechanical structure of the musculoskeletal system. As one of the toughest 
biological structures in the world, they play an instrumental role in protecting and supporting 
soft tissue; anchoring muscles, tendons and ligaments; and acting as strong levers operated by 
muscles in the production of movement (White, Black & Folkens 2012). Moreover, they 
function as facilities for blood cell production and storage of fat and critical elements including 
calcium, which is crucial in coagulation and muscle contraction (Green & Kleeman 1991; Patel 
& Radia 2017; White, Black & Folkens 2012).   
 
Macroscopically, adult bones have two fundamental structural components: cortical, or 
compact bone, and trabecular, or spongy bone. Cortical bone is the solid, compressed bone 
which makes up external bone surfaces and the walls of bone shafts. Trabecular bone, which 
is found in the vertebral bodies, within flat bones, in short bones and in the ends of long bones, 
appears to have a honey comb structure and is more spongy, porous and light. Cortical bone is 
much denser with a porosity ranging between 5% and 10% whereas trabecular bone is much 
more porous with porosity ranging between 50%-90% (Lukas et al. 2011). Although at the 
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gross anatomical level, cortical and trabecular bones are different, at the molecular and cellular 
levels, they are identical. Moreover, bone tissue is basically identical in all mammals regardless 
of their molecular structure (White, Black & Folkens 2012).  
 
Microscopically, living bone tissue is a composite heterogeneous structure composed of 10% 
water, and 20% organic protein and 65% inorganic mineral phases (Buckwalter et al. 1995; 
Keenan & Engel 2017). Approximately 90% of the organic structure of bone is composed of 
collagen, which is the most common protein in the body (White, Black & Folkens 2012). 
Flexible elastic fibres formed by interwoven collagen molecules create a collagen matrix within 
the bone. In mature bones, these structures are reinforced by a dense inorganic crystal structure, 
a form of calcium phosphate known as hydroxyapatite (Ottani, Raspanti & Ruggeri 2001). 
While the nature of the relationship between the organic and inorganic constituents is not yet 
fully understood, it is this complex intertwined structure bound by chemical bonds which gives 
bones their valuable properties (Collins et al. 2002; Denys 2002; Forbes 2008; Hedges 2002, 
Nielsen-Marsh et al. 2000). 
 
During the maturation of an individual, bone, which is a dynamic tissue, grows and develops. 
The cells residing within the bones facilitate their formation, development and remodelling as 
required throughout life (White, Black & Folkens 2012). After death, bone tissue which had 
been previously dynamic, undergoes diagenesis in both organic and mineral phases, ranging 
from minimal changes to proteins within the bone to complete and permanent structural and 
chemical degradation (Keenan & Engel 2017; White, Black & Folkens 2012). The inorganic 
structure is subjected to mineral precipitation, ion exchange, recrystallization, dissolution, and 
leaching (Hedges 2002; Keenan & Engel 2017). The organic structure principally undergoes 
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collagen loss caused by chemical breakdown and collagenase activity of soil bacteria (Hedges 
2002; Nagy et al. 2008).  
 
Due to the resilient nature of bones, they are more likely to persist after death and during 
decomposition than other biological tissue, making their examination and the information 
obtained invaluable in forensic investigations (Buckwalter et al. 1995). The rate at which the 
skeleton decomposes, similarly to soft tissue, is affected by several environmental variables 
including moisture, soil pH, temperature and microorganisms (Keenan & Engel 2017; Ross & 
Cunningham 2011). Seeing that these diagenetic processes are permanent, the degree of 
diagenesis observed in bone should correlate to the PMI, and if quantified could be useful in 
estimating time since death.  
 
1.5 PMI calculations from skeletonised remains 
 
At the time of writing, there is a limited number of analytical techniques available for the 
accurate calculation of PMI from skeletonised remains (Bertoluzza et al. 1997; Cook & 
MacKenzie 2014; Hedges et al. 2007; McLaughlin & Lednev 2011; Ramsthaler et al. 2009; 
2011; Schwarcz, Agur & Jantz 2010; Ubelaker 2014). These include methods based on isotope 
dating, luminol fluorescence of bone, and analysis of bone residual concentration. With the 
exception of isotope dating, none have yet been established as acceptable in the forensic 
community due to their inability to produce data that is of quantitative use for the calculation 
of PMI with the desired level of accuracy. 
 
In the last ten years, numerous studies have highlighted the potential of the application of 
radionuclides such as 14C and 210Pb (present in human skeletal remains) in the field of forensic 
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anthropology (Cappella et al. 2015; Cook & MacKenzie 2014; Ubelaker 2014; Ubelaker & 
Parra 2011; Ziad et al. 2012). Due to their gradual decay at defined rates and their ability to 
provide quantitative data, radionuclides could be beneficial in estimating PMI (Cook & 
MacKenzie 2014). Analysis of anthropogenic radiocarbon (14C) in trabecular bone can possibly 
be used quantitatively to estimate the year of death, however this is affected by the biological 
age of the decedents (Ubelaker 2014; Ubelaker & Parra 2011). On the other hand, at present 
there is no substantial proof that 210Pb has any quantitative value in the calculation of PMI 
(Cook & MacKenzie 2014). This is mainly because there are inconsistencies in 210Pb specific 
activities between different bones and within the same bone in a decedent; different decedents 
with the same age; different decedents with different ages; and decedents who had lived in 
different environments (Schrag et al. 2012; Swift et al. 2001). While it is evident that analysis 
of 210Pb does not establish PMI accurately, there is potential for it to be relied upon in a 
qualitative and or semi-quantitative capacity to support other data in PMI calculations.  
 
Further complications of isotope dating techniques for PMI estimation are due to their 
destructive nature, scarce availability, high costs and untested reliability on a sufficiently large 
number of samples to this date (Scott & Poulson 2012; Sweeting, Polunin & Jennings 2006).  
 
Amongst the various physical, chemical, morphological, and histological dating methods 
available for use for PMI estimation, luminol has been identified as a commonly used, easy, 
cost-effective, repeatable and rapid technique to measure chemiluminescence of traces of blood 
on bones for calculation of PMI (Cappella et al. 2015; Creamer & Buck 2009; Ramsthaler et 
al. 2009; 2011). Luminol reacts with the blood haemoglobin iron and produces a blue 
luminosity. In the examination of powdered bone samples with known PMI using luminol, it 
has been shown that the strength of the luminescence is reduced with higher PMI and that it is 
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entirely nonexistent with the highest PMI (Introna, Di Vella & Campobasso 1999; Ramsthaler 
et al. 2009).  
 
While luminol has been established as a scientific technique for the detection of minute traces 
of blood in a forensic context, largely due to its high sensitivity, its specificity is limited with 
the known occurrence of false positive results with bleach and vegetables (Klein et al. 2007). 
Also, although some studies have affirmed a sufficient and valid correlation between the 
intensity of chemiluminescence and PMI of bones, at this stage, only cortical tissue has been 
investigated, which raises the question about potential variations in the results obtained from 
different bones from the same individual (Caudullo et al. 2017). Moreover, the evaluation stage 
at which the luminescence is classified according to intensity is subjective and inundated with 
observer bias and error. For these reasons, luminol should not be utilised independently as a 
suitable method for the estimation of PMI and the differentiation between forensically relevant 
and older skeletonised remains (Caudullo et al. 2017). 
 
If luminol is to be used for PMI estimation in the absence of other available established 
techniques, environmental conditions, as well as the conditions of recovery must be considered 
to ensure accuracy of results. More research in the use of luminol on larger samples of different 
types of human bones is also necessary to identify the technique’s limitations. The 
abovementioned limitations of luminol based techniques are further expanded with the 
requirement for samples to be in powdered form, which should be avoided in forensic 
investigations to ensure the preservation of evidence and reproducibility of results.  
 
A novel method based on citrate concentration in skeletal remains has been recently reported 
for estimation of PMI. Previous studies have indicated that the citrate content in certain bones 
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is constant, irrespective of sex and age (Knuuttilla at al. 1985), and that the quantity of citrate 
is reduced postmortem in buried remains (Schwarcz, Agur & Jantz 2010).  
 
In the examination of the concentration of citrate in buried and superficially deposited bones it 
has been shown that measurement of citrate can be used to estimate PMI (Schwarcz, Agur & 
Jantz 2010). Schwarcz, Agur and Jantz (2010) establish a procedure capable of providing PMI 
from approximately one to 100 years with high accuracy and precision, regardless of storage 
conditions, including temperature, humidity and depth of burial, to which the bones are 
exposed. However, further research in this area, which still suggests that citrate content in bone 
can be quantified with sound precision and is reduced with time, also shows that the correlation 
between citrate content and time is not as strong as initially thought and is affected by the 
environment in which the remains are located (Kanz, Reiter & Risse 2014; Wilson & 
Christensen 2017).  
 
Having said that, the use of citrate content for PMI estimation in a forensic context has promise, 
though further research is necessary for the clarification of the most suitable technique for 
quantifying citrate in skeletal remains, the correlation between citrate content and time, and the 
influence of environmental factors. From a forensic perspective, a major limitation of this 
methodology is that it necessitates bones in powdered form. Aliquots of the powdered bones 
are further treated to release the citrate into the solution prior to analysis. Therefore, while the 
potential of this method as a precise tool for estimating PMI is highlighted, the destruction of 
forensic samples during testing should be avoided to maintain transparency and reproducibility.  
 
At this point in time in the field of forensic anthropology, what is unquestionably needed is the 
development of a cost-effective and reliable technique for the estimation of PMI from 
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skeletonised remains, which limits observer bias and the need for destruction of forensic 
samples. One suggested method being explored for this purpose is Raman spectroscopy 
(Bertoluzza et al. 1997; Creagh & Cameron 2016; France et al. 2016; McLaughlin & Lednev 
2011). 
 
1.6 Raman spectroscopy 
 
Raman spectroscopy involves the laser irradiation of a sample, the detection of the consequent 
inelastic scattered photons, the analysis of the change in frequency of the scattered light, and 
the generation of a Raman spectrum (Chalmers, Edwards & Hargreaves 2012; Das & Agrawal 
2011; Larkin 2011; Nagy et al. 2008; Pestle et al. 2015, Stuart 2013). A Raman spectrum is a 
graph of the intensity of the Raman scattered light on the y-axis against the difference in its 
frequency from the incident radiation on the x-axis.  
 
Based on a sample’s vibrational conversions, interpretation of a Raman spectrum allows for 
the confirmation of structure, characteristics and identity of a sample as spectral data of samples 
with different chemical and molecular structures can be differentiated through visual, statistical 
or spectral database assessments (Das & Agrawal 2011; Doty et al. 2016; Larkin 2011).  
 
Raman microscopy has unquestionably become a valuable technique in the forensic sciences 
(Chalmers, Edwards & Hargreaves 2012; Stuart 2013). What makes it a versatile technique is 
that it is non-destructive, generates real-time statistically significant spectral data from both 
organic and inorganic substances, and requires a minute sample size (Doty et al. 2016). For 
decades, it has been used forensically in the examination and characterisation of bodily fluids, 
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gunshot residue, paints, fibres, hairs, drugs and explosives (Chalmers, Edwards & Hargreaves 
2012; Doty et al. 2016; Stuart 2013).  
 
In recent times, benchtop and portable Raman spectroscopy instruments have shown promise 
in the calculation of PMI from skeletal remains (Bertoluzza et al. 1997; Creagh & Cameron 
2016; France et al. 2016; McLaughlin & Lednev 2011), yet, at this point, their validity and 
accuracy for this purpose have not been established.  
 
As discussed above, bones structurally constitute inorganic bioapatite mineral embedded in an 
organic matrix, which mainly contains type I collagen (Buckwalter et al. 1995; Kozielski et al. 
2011; White, Black & Folkens 2012). The molecular fingerprint of bone has been covered 
expansively in the literature (Awonusi, Morris & Tecklenburg 2007; Carden & Morris 2000; 
Carden et al. 2003; France at al. 2014; Khan et al. 2013; McLaughlin & Lednev 2011; Nelson 
& Featherstone 1982). Details concerning the structure and chemistry of collagen and 
bioapatite within the bone are reflected through peaks contained within the Raman spectra 
(Frushour & Koenig 1975; Morris & Mandair 2011). Characteristic Raman peak assignments 
for bone material are indicated in Table 1.1.  
 
 
 
 
 
 
 
 
 16 
Table 1.1: Characteristic Raman band assignments for bone material (Carden & Morris 2000).  
 
Peak position (cm-1) 
 
 
Assignment 
 
422 – 454 
 
v2 PO43- 
568 – 617 v4 PO43- 
957 – 962 v1 PO43- 
1065 – 1071 CO32- 
1243 – 1269 amide III 
1447 – 1452 CH2 wag 
1595 – 1720 amide I 
2840 – 2986 CH2 stretching 
 
 
Information regarding the collagen structure of bone is provided by two distinct spectral peaks 
recognised as amide I and amide III (Barth & Zscherp 2002; McLaughlin & Lednev 2011). 
The amide I band arises mainly because of the stretching of the carbonyl group manifesting as 
a peak at 1595 – 1720 cm-1, whereas the amide III band, which appears at 1243 – 1269 cm-1 is 
due to the elongation between carbon and nitrogen atoms and bending of a secondary amine 
(France at al. 2014). In a bone spectrum, stretching between carbon and hydrogen atoms and 
bending of methylene groups (CH2) are also evident and represented as peaks at 2840 – 2986 
cm-1 and 1447 – 1452 cm-1 respectively (Khan et al. 2013). Moreover, bioapatite minerals are 
characterised in a bone spectrum, with the most noticeable peak of v1 PO43- occurring at 957 – 
962 cm-1. This peak is due to the symmetrical lengthening of phosphate (Khan et al. 2013). The 
way phosphate bends and stretches symmetrically is further portrayed by the smaller peaks of 
v2 PO43- and v4 PO43- (Awonusi, Morris & Tecklenburg 2007; de Aza et al. 1997; Kravitz, 
Kingsley & Elkin 1968).  
 
The foremost challenge in the use of Raman spectroscopy for the analysis of biological samples 
is the strong intrinsic fluorescence exhibited by biomolecules. Fluorescence generated by 
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contaminants or by the sample itself can mask the Raman spectrum and affect the results 
obtained from both benchtop and portable Raman instrumentation (Das & Agrawal 2011; Doty 
et al. 2016; Stuart 2013). It has been suggested that one way to resolve problematic 
fluorescence is analysis with near infrared radiation (NIR) excitation at 1064 nm, for the reason 
that lower excitation energy minimises the incidence of unwanted fluorescence (Stuart 2013). 
In the instance that 1064 nm lasers are unavailable or fluorescence is still present with NIR, 
some sample preparation techniques including chemical bleaching and photochemical 
bleaching have been assessed and shown to reduce fluorescence interference in Raman spectra 
(Chen, Shea & Morris 2002; Freeman & Silva 2002; Golcuk et al. 2006; Penel, Leroy & Brés 
1998; Zieba-Palus & Michalska 2014).  
 
The published bleaching protocol has been shown to reduce bone tissue fluorescence (Penel, 
Leroy & Brés 1998). The process involves soaking the bone for 24 hours in sodium chloride 
(NaCl) solution. This is followed with bleaching the bone for two hours in 30% hydrogen 
peroxide, immersing it in pure acetone for two hours, and then bleaching it for another two 
hours in 30% hydrogen peroxide. Subsequently, the bone sample is rinsed with deionised water 
to remove any remaining reagent.  
 
A decrease in fluorescence is possibly caused by the oxidative degradation of the haemoglobin 
of remnant blood, and denaturation of collagen and other matrix proteins (Chen, Shea & Morris 
2002). Studies on the use of chemical bleaching on bone did not observe any spectral shifts in 
the mineral or matrix Raman spectra (Chen, Shea & Morris 2002). Although the second part 
of the procedure takes 6 hours, only occasional attention is required, and specialised equipment 
is not necessary, which makes chemical bleaching a preferred technique for sample 
preparation. Having said that, the mineral and matrix phases are simultaneously removed 
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resulting in an inconsistent mineral to matrix ratio, which makes quantitative Raman analysis 
inaccurate (Chen, Shea & Morris 2002). Another limitation is that the degradation of 
fluorescent contaminants and the decay of the sample itself are not well separated (Shea & 
Morris 2002).  
 
Photochemical bleaching involves constantly irradiating a sample for long durations using the 
Raman spectrometer’s laser before obtaining a spectrum. This modifies the sample by the 
removal of the contaminant and causes a decrease in the fluorescence arising from the 
background while Raman scattering characteristics from the samples remain the same (Zieba-
Palus & Michalska 2014). Research on this sample preparation technique shows that 80% of 
fluorescence is removed (Golcuk et al. 2006). Nonetheless, a likely limitation is the alteration 
of the mineral to matrix ratio by approximately 4-6% caused by long photobleaching protocols 
(longer than 30 minutes) on dry bone (Golcuk et al. 2006). While the manner in which these 
changes occur has not been clarified, it possibly involves dehydration of the matrix phase due 
to laser-induced thermal heating effects (Golcuk et al. 2006). 
 
1.6.1 Benchtop instrumentation 
 
In a recent study, benchtop Raman spectroscopy (785 nm) is shown to generate spectral 
patterns from small sections of turkey bones that are significantly correlated to PMI 
(McLaughlin & Lednev 2011). While the mineral structure of the bone was unchanged, the 
reduction in the Raman peaks of the organic structure, including collagen, was apparent with 
longer burial times. The study therefore was one of the first to quantify bone diagenesis using 
mineral to matrix ratio, and demonstrated the potential of the applicability of Raman 
spectroscopy in the extrapolation of PMI in practical scenarios.  
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In order to minimise the fluorescence generated, the study utilised bones which had been 
sectioned and chemically bleached by hydrogen peroxide. It is reported in the literature that 
chemical bleaching drastically minimises spectral background noise while preventing 
microbial activity and conserving the organic and inorganic phases of the bone (Freeman & 
Silva 2002; Penel, Leroy & Brés 1998). Further and more detailed research on the effects of 
hydrogen peroxide on bone however recommends the use of this technique with extreme 
caution, and warns against its use if quantitative mineral/matrix ratio information is to be 
gathered from Raman spectra of bone (Chen, Shea & Morris 2002).  
 
Due to the potential inaccuracy of quantitative Raman analysis of chemically bleached bones, 
further research is necessary to identify and confirm whether similar spectral trends are 
obtained from similarly treated bones, and untreated bone samples using Raman spectroscopy 
with NIR excitation. This in turn could prevent the need for destructive preparation of forensic 
samples for testing and will significantly reduce the time needed for analysis.  
 
Another limitation of the study is that the bones were exposed to a maximum burial time of 68 
days. Research is needed to identify spectral patterns from skeletal remains with longer times 
since death to assess the applicability of Raman spectroscopy in potential case work and 
establish it as a desirable method for PMI calculation in forensic investigations.  
 
In a recent study investigating the carcasses of kangaroos and pigs superficially deposited at a 
farm in the Australian Capital Territory (ACT), Australia, Infrared spectroscopy and benchtop 
Raman microscopy were shown to have potential in the design of a quantitative method for 
PMI estimation from skeletonised remains (Creagh & Cameron 2016). The bands 
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corresponding to CH2 stretching (2940 cm-1) and amide I (1670 cm-1) decreased in height and 
broadened as PMI increased. The authors suggest that the organic to mineral ratio (CH2:v1 
PO43-), and mineral content ratio (amide I: v4 PO43-) show promise for the determination of 
PMI in mammalian species. Nonetheless, the organic to mineral ratio is species dependent and 
thus emphasises the need for further testing on human cadavers to accurately assess the 
applicability of this technique in the calculation of human PMI. Moreover, while the mineral 
content can be measured in bone, more data is necessary to completely understand its relevance 
to the chemical processes occurring in the bone.  
 
1.6.2 Portable instrumentation 
 
A limited number of studies on portable Raman spectroscopy instruments have shown potential 
for their application in the assessment of collagen concentration in bone (Pestle et al. 2014; 
2015). It has been suggested that commercially accessible Raman spectroscopy devices have 
significantly advanced to the stage where they have become practical presumptive tools for 
forensic scientists to use in the field for estimation of collagen in skeletal remains (Pestle et al. 
2015).  
 
While the precision of results obtained by portable instruments is typically lower than results 
obtained by benchtop technologies, their use is advantageous in the field as they offer quick 
and non-destructive identification of whole bone samples which may require further testing 
(Pestle et al. 2015). Furthermore, the applicability of portable Raman instruments removes the 
requirement of unwanted sample destruction and preparation, and decreases the total time 
needed for analysis and expenditure of money. Pestle et al. (2015) demonstrate that an abrasion 
of a small area, approximately less than 2 mm2, with a scalpel on cortical bone reduces 
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fluorescence in Raman spectra. Although the study recognises that this method introduces 
greater variation in comparison to the use of ground bone samples due to differences in surface 
geometry and intrinsic intra-bone inconsistencies in collagen concentration, this protocol better 
reflects the practical real world applications of this technique. 
 
Clearly, further research is needed to explore, assess and validate the application of portable 
instruments in the estimation of collagen concentration in decomposing bones for accurate 
calculation of PMI. Moreover, bone scraping, which is less destructive than the published and 
commonly used chemical bleaching protocol, ought to be investigated as an alternative 
technique for sample preparation of bones prior to Raman analysis. 
 
1.7 Significance 
 
Seeing that forensic anthropology involves the assignment of identity to a decedent from their 
skeletal remains and the estimation of PMI, forensic anthropologists aid law enforcement 
officials in forensic investigations by providing them with a biological profile and a time since 
death which can be compared to a list of missing people on their database. These crucial details 
increase the likelihood of identifying a deceased individual, the circumstances surrounding 
death and the perpetrators involved in the crime. As this information is applied in a legal 
context, the admissibility of such evidence in a court of law is undeniably necessary for justice 
to be decided. 
 
Following the Daubert ruling (1993), the introduction of the NSW Evidence Act (1995) and 
cases such as Makita v Sprowles (2001), it was decided that expert testimonies postulated by 
expert witnesses must meet specific standards to guarantee their admissibility in court. Tests 
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of admissibility are based on the utilisation of standards and controls, error rates, published 
journals, peer-review and the general acceptance of the methodology within the scientific 
community. Recently, standardisation and quantification in this field are at the centre of 
research to ensure that the methodologies of forensic anthropology meet the regulations stated 
by the law and are thus admissible in a court of law.  
 
It is known that the process of decomposition lacks uniformity, revealing significant variations 
in the rate at which it progresses, the duration of the stages, and the parts of the body that 
undergo changes in each postmortem stage (Campobasso, Di Vella & Introna 2001; Mann, 
Bass & Meadows 1990; Pinheiro 2006; Shean, Messinger & Papworth 1993). Moreover, 
decomposition is significantly affected by climate, geographical location, circumstances 
surrounding death, and presence of clothing (Byers 2011).  Despite the confounding number 
of factors, which influence decomposition and the subsequent calculation of PMI, only a 
limited amount of research has been published exploring these variables in Australia, especially 
in the Hawkesbury region in NSW. The current study delivers crucial research that will aid in 
clarifying this topic in the Hawkesbury region, and provides preliminary data for further 
research in the estimation of PMI from skeletonised remains and future legal proceedings.  
 
1.8 Scope 
 
What can be concluded from research thus far on Raman spectroscopy for PMI estimation from 
skeletonised remains is that further investigation is necessary before this technique is 
established and accepted in the field of forensic anthropology. More information concerning 
the diagenetic changes in bone after death in microclimates, and their quantification are also 
needed. Furthermore, these techniques must be comprehensively trialled on a range of human 
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bone samples, reflecting all ages at death and categorised according to sex, medical history and 
other variables, and exposed to a wide array of environmental, climatic and burial conditions, 
which is an extensive undertaking. Not only would the research require approval from the 
Ethics Committee, but it would also need agreement with local government guidelines, and 
substantial amount of planning and expenditure prior to its implementation.  Extensive research 
using human cadavers nonetheless is crucial to further explore and corroborate the applicability 
of Raman spectroscopy in the estimation of PMI. 
 
Currently, research on the estimation of PMI from skeletonised remains in Australia using 
Raman spectroscopy is restricted to a study conducted by Creagh and Cameron (2016) on 
kangaroo and pig bones in the ACT. At the time of writing, there are no other published studies 
exploring this topic in Australia, including the Hawkesbury region in NSW. As a result, the 
present study is a proof of concept for the use of Raman spectroscopy for the identification of 
postmortem diagenesis patterns in pig bones. It is the first study to investigate Raman spectra 
collected from decomposing bones superficially deposited on soil surfaces in the Hawkesbury 
region. Further, it will attempt to establish preliminary data which could be utilised in future 
research for estimation of PMI from human skeletonised remains. Finally, it is hoped that the 
results reported in this pilot study would provide the basis for much needed future research on 
human cadavers.   
 
1.9 Research aims  
 
Considering the unavailability of data on diagenetic patterns of decomposing bones and precise 
techniques for PMI calculations from skeletonised remains, an assessment of the application 
of Raman spectroscopy in the examination of skeletal remains exposed to the unique climate 
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and environment in Australia, particularly in the Hawkesbury area in NSW would be highly 
beneficial. Conducting this research in the Hawkesbury region is advantageous due to the 
location’s temperate climate including extreme summer and winter temperatures, which makes 
temperature effects easier to measure. Moreover, the establishment of the Australian Facility 
for Taphonomic Experimental Research (AFTER), a facility for the study of human 
decomposition set up within a 48-hectare bush site in the lower Blue Mountains, which is in 
close proximity to the present study site in Hawkesbury will allow the comparison of results 
obtained from the current study and findings of future research conducted by AFTER due to 
similarities in climate and environment including vegetation and soil. A standardised model 
for the calculation of PMI based on changes in skeletonised remains in an Australian context 
would be practical, especially in the absence of soil, flora or entomological evidence.  
 
Currently, published research on the use of Raman spectroscopy for PMI calculations from 
skeletal remains in Australia is limited to the ACT (Creagh & Cameron 2016). Consequently, 
this study will place a specific focus on diagenesis of bones superficially deposited on soil 
surfaces in the Hawkesbury region in NSW, as it aims to address the current gaps in knowledge 
in the use of Raman spectroscopy for characterisation of postmortem bone changes.  
 
As a proof of concept, the study aims to optimise the protocol for acquiring useable Raman 
spectra from skeletonised remains in Hawkesbury, in Chapters 2-5.  
 
Chapter 2 intends to explore the use of benchtop (785 nm and 1064 nm) and portable (785 nm) 
Raman spectroscopic analysis on untreated bone samples, and assess whether sample 
preparation is necessary for the acquisition of useable Raman spectra.  
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At present, to the best of our knowledge, there is no published research which directly compares 
bone preparation techniques of bleaching and scraping in terms of the quality of the Raman 
spectra acquired. Also, no research has yet contrasted the quality of Raman spectra obtained 
from the same bones using benchtop and portable Raman instrumentation. To address these 
issues, Chapter 3 aims to show the differences between spectra obtained using benchtop and 
portable instruments, and investigate the suitability of chemical bleaching and scraping as 
sample preparation protocols in the characterisation of diagenetic patterns of decomposing 
bones.  
 
Data relating to the effects of bone type on the quality of Raman spectra collected from skeletal 
remains is not available. Chapter 4 aims to investigate this issue by identifying intra-carcass 
variation through the comparison of spectra obtained from femora, scapulae and ribs from 
individual pig carcasses.    
 
Finally, Chapter 5 intends to identify and semi-quantitatively analyse Raman spectral trends of 
diagenesis over time, from pig bones with known PMI deposited on soil surfaces in 
Hawkesbury, NSW, according to the protocol optimised in this study. Moreover, it attempts to 
address the effects of different microclimates, shaded and unshaded surfaces, on bone 
decomposition through examination of Raman diagenetic trends over time within the two 
groups of shaded and unshaded bones. 
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Chapter 2 
 
Raman spectroscopic analysis of untreated bone samples 
 
 
2.1 Introduction 
 
This chapter aims to examine spectra obtained from untreated skeletal remains using both 
benchtop and portable Raman instrumentation for the purpose of determining whether sample 
preparation methods are necessary to obtain usable spectra. Specifically, the sub-study has five 
main objectives. It intends to: 
• collect spectral data from untreated bone samples using benchtop Raman 
instrumentation at 785 nm and 1064 nm, 
• collect spectral data from untreated bone samples using portable Raman 
instrumentation at 785 nm,  
• compare the data obtained using the three instruments, 
• identify the suitability of the techniques for spectral data collection from untreated 
bone, and 
• assess whether sample preparation is necessary for the acquisition of useable Raman 
spectra.  
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2.2 Materials and methodology 
 
2.2.1 Study site 
 
The site from which the bones were collected is located on the Western Sydney University 
Hawkesbury campus in an area known as the ‘Bush Block’. It encompasses thick bush land 
abundant with Melaleuca decora trees and native grasses. It is fenced off and thus inaccessible 
by the general public.  
 
During Autumn and Winter, the region experiences a mean maximum temperature of 20.8°C, 
a mean minimum temperature of 7.7°C and a mean rainfall of approximately 361.7 mm 
(Bureau of Meteorology 2017). During Spring and Summer, the region experiences a mean 
maximum temperature of 26.9°C, a mean minimum temperature of 13.3°C and a mean rainfall 
of approximately 439.4 mm (Bureau of Meteorology 2017). 
 
2.2.2 Samples 
 
In the last five years, numerous pig carcasses (Sus scrofa domesticus) of similar size 
(approximately 60 kg) had been placed hours after death on the soil surface at the site in 
Hawkesbury, NSW, for decomposition research purposes. At first, the pig carcasses were 
protected in cages and later with wire mesh. This prevented disturbances from large scavenging 
animals but facilitated the interaction between the carcass, the environment and insects. 
Numerous studies have shown that pig carcasses are a suitable proxy for human remains and 
thus model subjects for human decomposition studies as they share anatomical similarities 
 28 
including organ structure, bone composition, skin thickness and gastrointestinal fauna (Komar 
& Beattie 1998; Wilson et al. 2007).  
 
The bones used in this study were collected from eight skeletonised pigs (Figure 2.1) which 
had been superficially deposited on the soil surface at the site during four experimental trials: 
Winter 2014 (T1), Summer 2014/2015 (T2), Winter 2015 (T3) and Summer 2015/2016 (T4).  
 
 
 
Figure 2.1: Skeletonised pig remains superficially deposited on the soil surface in ‘Bush 
Block’ site, Hawkesbury, NSW. 
 
 
Two pigs from each trial were randomly selected, ensuring one was in an unshaded surface 
burial (T1U-T4U) and the other in a shaded surface burial (T1S-T4S). This was to allow for 
comparisons of the effect of microclimates on bone decomposition and corresponding Raman 
spectral data. An overview of the pig carcasses used in this study is outlined in Table 2.1. 
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Table 2.1: Summary table of the pigs selected for the present study with dates and seasons of 
deposition, and approximate PMI at time of analysis. 
 
 
 
One scapula, one rib and one femur (shown in Figures 2.2, 2.3 and 2.4 respectively) were 
collected from each pig carcass, giving a total of 24 bones available for Raman analysis.  
 
 
 
 
Figure 2.2: Example of a scapula in its original state, collected from skeletonised pig remains 
for use in study. 
Shaded pigs Unshaded pigs  
Sample Date of 
deposition 
Season of 
deposition 
Approximate 
PMI (years) 
Sample Date of 
deposition 
Season of 
deposition 
Approximate 
PMI (years) 
T1S 10.06.2014 Winter 2.5 T1U 10.06.2014 Winter 2.5 
T2S 09.12.2014 Summer 2 T2U 09.12.2014 Summer 2 
T3S 10.06.2015 Winter 1.5 T3U 10.06.2015 Winter 1.5 
T4S 08.12.2015 Summer 1 T4U 08.12.2015 Summer 1 
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Figure 2.3: Example of a rib in its original state, collected from skeletonised pig remains for 
use in study. 
 
 
 
 
 
 
Figure 2.4: Example of a femur in its original state, collected from skeletonised pig remains 
for use in study. 
 
 
These bones were collected specifically to assess whether bone type and the amount of cortical 
bone have an effect on Raman spectral data. For this analysis, the bones were left in the state 
in which they were found, which included soil and some hardened connective tissue. 
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2.2.3 Benchtop Raman spectroscopic analysis at 785 nm 
 
2.2.3.1 Data acquisition 
 
To investigate the quality of spectral data obtained from untreated samples at different 
excitations delivered by different instrumentation, spectra were initially collected using the 
benchtop Bruker Ramanscope III Senterra Raman equipped with a microscope at 785 nm. The 
instrument was housed at the Advanced Materials Characterisation Facility located on the 
Western Sydney University North Campus, Parramatta.  
 
Calibration of the wavenumber axis is a necessary step in ensuring the precision of analyses 
using Raman microscopes (Hargreaves et al. 2009). In this study, this was achieved by 
documenting the Raman spectrum of a silicon wafer prior and during the analytical process. 
Standard operating procedures (SOPs) for this instrument were adhered to throughout sample 
analysis.   
 
Due to the small sample staging area available in the benchtop Bruker Ramanscope III Senterra 
Raman, to facilitate the analysis using this instrument, a section measuring approximately 1.5-
2.0 cm in thickness had to be cut using a bone saw from each of the 24 bones. The protocol 
involved the random selection of three bones from the study sample set for testing. 
 
Raman analysis of an arbitrary point on the outer cortical surface of each bone section was then 
performed. Various combinations of acquisition parameters were trialled including objective, 
laser power, integration time and number of scans. Only three untreated bones were tested at 
785 nm due to time constraints and the expectation of the presence of problematic fluorescence 
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in the spectra. OPUS 7.5 software was utilised to operate the benchtop instrument for analyses 
performed at 785 nm.  
 
2.2.3.2 Results 
 
Following visual assessment of the spectra, it was clear that Raman analysis of untreated bones 
(A-C) with 785 nm excitation produced spectra inundated with fluorescence interference which 
masked the true Raman peaks as can be seen in Figure 2.5. It was quickly decided that Raman 
spectra obtained from untreated bones at 785 nm excitation were unusable and that sample 
preparation must be performed to improve spectral quality.  
 
 
 
Figure 2.5: Raw spectra collected from three untreated randomly selected bones (A, B and C) 
using the Bruker Ramanscope III Senterra Raman at 785 nm. 
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2.2.4 Benchtop Raman spectroscopic analysis at 1064 nm 
 
2.2.4.1 Data acquisition 
 
The benchtop Bruker Vertex70 RamII instrument was utilised to collect spectral data from 
untreated samples at 1064 nm to explore the quality of spectral data obtained at various 
wavelengths by various Raman devices. The instrument was also housed at the Advanced 
Materials Characterisation Facility in Parramatta.  
 
Before and during data acquisition, the calibration of the wavenumber axis was achieved by 
testing a silicon wafer to guarantee the functionality of the instrument and the accuracy of the 
results. The instrument was operated at all times according to the SOPs.  
 
A random point on every bone section in its untreated original state from the study sample set 
was tested using the Bruker Vertex70 RamII instrument. While this Raman instrument allowed 
for the testing of whole bone samples due to a larger sample placement area, the bone sections 
were selected for testing to maintain consistency. Different acquisition parameters were tested 
including objective, laser power, integration time and number of scans. Every bone was tested 
in this protocol as it is documented that NIR Raman analysis should resolve problematic 
fluorescence in spectra (Chalmers, Edwards & Hargreaves 2012; Das & Agrawal 2011; Doty 
et al. 2016; Gebrekidan et al. 2016; Stuart 2013). OPUS 7.5 software was utilised to operate 
the benchtop instrument for analyses performed at 1064 nm. Spectral data from all untreated 
bones obtained using the benchtop Bruker Vertex70 RamII instrument at 1064 nm excitation 
is located in Appendix A. 
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2.2.4.2 Results 
 
Qualitative assessment of spectral data demonstrated the significant presence of fluorescence 
throughout all spectra (A-D) as can be seen in Figure 2.6, even though the analysis was 
performed using NIR excitation. While some peaks were identified, such as the peaks around 
960 cm-1 and 2940 cm-1 in spectra A and B, T4S femur and T3U rib, respectively, the rest of the 
spectra were inundated with fluorescence and no other peaks could be resolved. The need for 
sample preparation was once again emphasised to ensure the usability of spectral data.   
 
 
 
Figure 2.6: Raw spectra collected from four untreated bones; T4S femur (A), T3U rib (B), T1S 
femur (C) and T2S femur (D), using the benchtop Bruker Vertex70 RamII instrument at 1064 
nm.  
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2.2.5 Portable Raman spectroscopic analysis at 785 nm 
 
2.2.5.1 Data acquisition 
 
The portable EZRaman-NP-785 Analyzer, fitted with a fibre optic probe, was utilised to collect 
spectral data from untreated samples at 785 nm to study the quality of spectral data obtained 
from portable instrumentation. The instrument was housed and secured in the Spectroscopy 
Laboratory, located on the Western Sydney University Hawkesbury campus.  
 
Calibration of the portable Raman spectrometer prior to sample analysis is strongly 
recommended to guarantee its functionality. The SOPs, which were followed during sample 
testing, indicated acetonitrile (ACN) as the calibrating medium, and calibration using ACN 
was performed prior to analysis.  
 
Analysis using the EZRaman-NP-785 Analyzer was performed on an arbitrary point on all 24 
untreated bone sections within the study. While the portable Raman instrument was suitable 
for the testing of whole bone samples due to the probe’s point and shoot ability, the bone 
sections were nonetheless tested to minimise inconsistency. Numerous arrangements of 
acquisition parameters were tested including laser power, integration time and number of scans. 
The EZRaman Reader software was utilised to operate the portable instrument. Spectral data 
from all untreated bones obtained using the portable EZRaman-NP-785 Analyzer at 785 nm is 
located in Appendix B. 
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2.2.5.2 Results 
 
Following a visual examination of the spectra, it was evident that the quality of spectral data 
obtained from untreated bones using the portable Raman device was undeniably reduced due 
to fluorescent interference affecting the entire spectra of four individual bones (A-D) as can be 
seen in Figure 2.7. It therefore became apparent that sample preparation is an essential step 
prior to analysis using portable instrumentation with 785 nm excitation.  
 
 
 
Figure 2.7: Raw spectra collected from four untreated femora; T1S (A), T4S (B), T3S (C) and 
T2S (D), using the portable EZRaman-NP-785 Analyzer at 785 nm.  
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2.3 Discussion and conclusion 
 
Following the use of the benchtop Bruker Ramanscope III Senterra Raman at 785 nm, the 
benchtop Bruker Vertex70 RamII instrument at 1064 nm, and the portable EZRaman-NP-785 
Analyzer at 785 nm, it was indisputable that fluorescence is a major challenge encountered 
during the analysis of untreated biological samples, such as bone tissue in this case. The 
fluorescence observed was most likely produced by contaminating factors such as residual 
blood within the samples, which is likely given the PMI of samples in this study were in the 
range of one year to two and a half years, and residual blood has been detected in bone up to 
50 to 60 years postmortem (Introna, Di Vella & Campobasso 1999). The interference from 
contaminants was so great that even analysis with NIR excitation, which has been documented 
as a solution for problematic fluorescence in spectra (Chalmers, Edwards & Hargreaves 2012; 
Das & Agrawal 2011; Doty et al. 2016; Gebrekidan et al. 2016; Stuart 2013), did not reduce 
the fluorescence nor improve the quality of the spectra. In this study, it can be sufficiently 
concluded that Raman spectral data acquired from untreated bones is of no use, neither 
qualitatively nor quantitatively. The application of the benchtop Bruker Ramanscope III 
Senterra Raman to testing of forensic samples is diminished further due to the small area 
designed for sample placement, as samples necessitated cutting into sections measuring 
approximately 1.5-2.0 cm in thickness prior to testing. In a forensic context, the modification 
of samples is undesirable and should be avoided to maintain integrity of evidence. 
 
At this stage, due to the factor of fluorescence and the consistently poor quality spectra obtained 
from all three instruments, an assessment of their individual suitability in the acquisition of 
spectral data from untreated bones could not be accurately made.  However, what can be 
hypothesised is that sample preparation is required to eliminate fluorescence in the hopes of 
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improving Raman data. In an attempt to investigate this issue and optimise the methodology 
for spectral data collection from bone material, the effects of sample preparation techniques 
such as chemical bleaching and scraping of cortical bone on the quality of spectral data will be 
investigated in the following chapter. 
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Chapter 3 
 
Optimisation of sample preparation processes for Raman 
spectroscopy 
 
3.1 Introduction 
 
This chapter intends to investigate spectra obtained from skeletal remains which had been 
treated prior to Raman analysis by either the scraping or chemical bleaching method. Using 
both benchtop and portable Raman instrumentation, its purpose is to determine whether sample 
preparation methods improve the usability of spectra, and if so, which technique specifically 
produces higher quality results. Due to time constraints, the benchtop Raman with 1064 nm 
excitation and the portable Raman with 785 nm excitation will be utilised for data acquisition. 
The sub-study has five key aims. It intends to: 
• collect spectral data from chemically bleached bone samples using benchtop Raman 
instrumentation at 1064 nm and portable Raman instrumentation at 785 nm, 
• collect spectral data from scraped bone samples using benchtop Raman 
instrumentation at 1064 nm and portable Raman instrumentation at 785 nm, 
• assess the usability of the spectral data collected from chemically bleached and scraped 
bone, 
• identify which of the two sample preparation protocols are more effective in the 
acquisition of useable Raman spectra, and 
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• assess the quality of results obtained using benchtop and portable instrumentation. 
While in the literature the use of 1064 nm Raman spectroscopy is recommended as a solution 
to excess fluorescence (Pestle et al. 2015), in some instances the presence of residual blood or 
tissue in a bone sample, will generate problematic fluorescence, which is not resolved with 
NIR excitation, as demonstrated in Chapter 2. For the reason of reducing fluorescence 
interference in Raman spectra, chemical bleaching and scraping have been utilised for sample 
preparation of biological samples prior to Raman analysis (Chen, Shea & Morris 2002; Penel, 
Leroy & Brés 1998; Pestle at al. 2015).  
 
3.2 Raman analysis of chemically bleached bones 
 
3.2.1 Sample preparation 
 
Prior to the chemical bleaching process, sections measuring approximately 1.5-2.0 cm in 
thickness were cut using a bone saw from each of the 24 bone samples to preserve the rest of 
the bone in its original state. The chemical bleaching method as described by Penel, Leroy and 
Brés (1998) was followed for sample preparation of bone sections collected from 24 bone 
samples. The process of chemical bleaching firstly involved soaking the bone samples for 24 
hours in NaCl solution. This was followed with bleaching the bone sections for two hours in 
30% hydrogen peroxide, immersing them in pure acetone for two hours, and then bleaching 
them for another two hours in 30% hydrogen peroxide. The samples were then rinsed with 
deionised water to remove any remaining reagent. Every stage of the protocol was performed 
with each bone section in separate beakers to prevent cross contamination and preserve the 
integrity of the results.  
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3.2.2 Benchtop Raman spectroscopic analysis 
 
Spectral data was collected from three randomly selected points on the cortical bone surface of 
each bleached bone sample using the benchtop Bruker Vertex70 RamII with excitation of 1064 
nm. OPUS 7.5 software was used to operate the instrument. After trialling several combinations 
of parameters, the following were selected for data acquisition; laser power: 300mW, spectral 
resolution: 5 cm-1, number of scans: 10 (from each of the three points) and scan range: 3,600-
100 cm-1. The three spectra from each bone were averaged providing in total 24 Raman spectra 
for interpretation. Please refer to Appendix C for all spectra acquired from chemically bleached 
bones using the Bruker Vertex70 RamII instrument at 1064 nm. 
 
3.2.2.1 Results 
 
Visual assessment of Raman spectra indicated a reduction in fluorescence when bones were 
chemically bleached, which was characterised by a decline in the mountain-like appearance of 
spectra B, when compared to spectra A from untreated samples, as can be seen in Figures 3.1 
and 3.2. This result, which is mostly evident across the tested samples, could possibly be due 
to the oxidative degradation of the haemoglobin of residual blood, and denaturation of collagen 
and other matrix proteins (Chen, Shea & Morris 2002). While some peaks were identified in 
spectra A and B, the quality of the spectra was not perfect, which was likely caused by the 
possible simultaneous removal of the mineral and organic phases mediated by the chemical 
bleaching process (Chen, Shea & Morris 2002).  The fluorescence seen in spectra B obtained 
from the bleached samples was still more intense than some of the Raman scattering, which 
prevented the assignment of most peaks and thus negated the usability of the spectra in the 
characterisation of decomposing bones.  
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Figure 3.1: Raw spectra collected from untreated T3U rib (A) and bleached T3U rib (B) using 
the benchtop Bruker Vertex70 RamII instrument at 1064 nm, with peak labels.  
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Figure 3.2: Raw spectra collected from untreated T4S femur (A) and bleached T4S femur (B) 
using the benchtop Bruker Vertex70 RamII instrument at 1064 nm, with peak labels.  
 
 
Furthermore, in Figures 3.1 and 3.2, there appeared to be a sharp decrease in the CH2 peak 
around 2930 nm in spectra B after the bone had been bleached. This peak had been suggested 
as being potentially useful in the estimation of PMI as its intensity was reduced with increasing 
PMI (Creagh & Cameron 2016). The evidence that chemical bleaching of bone was possibly 
disturbing this organic lipid vibrational band highlighted another issue related to Raman spectra 
obtained from samples which had been chemically bleached, specifically related to the 
quantitative interpretation of spectral data (Chen, Shea & Morris 2002). For these 
abovementioned reasons, it became clear that the chemical bleaching method itself needed 
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improvement, or an alternative method such as bone scraping should be assessed for its 
applicability in sample preparation prior to Raman spectroscopic analysis.  
 
3.2.3 Portable Raman spectroscopic analysis 
 
The portable EZRaman-NP-785 Analyzer with excitation of 785 nm was also used to obtain 
spectra from three arbitrarily selected points on the bleached cortical bone surface of each bone 
section. The EZRaman Reader software was used to operate the instrument. After 
experimentation with numerous arrangements of parameters, the following acquisition 
parameters were chosen for data collection; laser power: 200mW, average spectral resolution: 
7 cm-1, number of scans: 10 scans (from each of the three points) and scan range: 3,600-100 
cm-1. Prior to spectral interpretation, the three spectra collected from each bone were averaged 
giving a total of 24 Raman spectra. Please refer to Appendix D for spectra of bleached bones 
obtained using the portable instrumentation at 785 nm.  
 
3.2.3.1 Results 
 
Following the qualitative assessment of spectral data, the complications involved with the use 
of 785 nm excitation for the Raman analysis of biological material were demonstrated in 
Figures 3.3 and 3.4. In this instance, the bleaching of the bone had reduced fluorescence (refer 
to spectra B), however the fluorescence emitted was still significantly more intense than the 
Raman scattering, which rendered the use of the portable instrumentation at 785 nm unsuitable 
for analysis of chemically bleached bones. No peaks could be assigned with any confidence 
and therefore, the spectra (A and B) were entirely unusable. Again, this emphasised the 
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requirement for the optimisation of chemical bleaching or the exploration of an alternative 
method such as bone scraping for use in sample preparation prior to Raman spectroscopy. 
 
 
 
Figure 3.3: Raw spectra collected from untreated T3U scapula (A) and bleached T3U scapula 
(B), using the portable EZRaman-NP-785 Analyzer at 785 nm.  
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Figure 3.4: Raw spectra collected from untreated T4S femur (A) and bleached T4S femur (B), 
using the portable EZRaman-NP-785 Analyzer at 785 nm.  
 
3.3 Raman analysis of scraped bone 
 
3.3.1 Sample preparation 
 
Three sections measuring approximately 10 mm in width, 10-20 mm in length and 2 mm in 
depth, were scraped from the cortical surface of each nearly whole bone in its unbleached form 
using a surgical scalpel. Pestle at al. (2015) suggest that the abrasion of a small area on bone 
significantly reduces interference from fluorescence in Raman spectra. An example of a bone 
in near-original condition with sites of abrasion is demonstrated in Figure 3.5.  
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Figure 3.5: Example of a scapula in near-original form, showing two sites of abrasion in the 
cortical surface, outlined in green. 
 
 
3.3.2 Benchtop Raman spectroscopic analysis 
 
Spectral data was collected from a randomly selected point on each of the three sites of abrasion 
on the cortical bone surface of each bone sample using the benchtop Bruker Vertex70 RamII, 
and averaged to give 24 spectra for analysis. A more detailed description of the methodology 
is outlined in Section 3.2.2. Please refer to Appendix E for spectra of scraped bones obtained 
using the benchtop instrumentation at 1064 nm. 
 
3.3.2.1 Results 
 
Visual analysis of spectra was performed once Raman data was collected. As can be seen in 
Figures 3.6 and 3.7, there was a significant decrease in fluorescence exhibited in spectra B 
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when bones were scraped prior to Raman analysis. The abrasion of a small area on the bone’s 
cortical surface likely removed any contaminants, such as superficially deposited minerals on 
the bones’ outer layers and residual haemoglobin in the bone tissue, which would have been 
responsible for emitting fluorescence and inundating spectra of untreated bone samples. This 
process was less destructive than chemical bleaching as only small sections had to be scraped 
off the bone for testing. Moreover, destruction of the sample was limited to slight abrasions as 
no chemicals had to be utilised. It was clear that the spectrum collected from scraped bones 
(spectrum B) was of higher quality in comparison to untreated bones (spectrum A), which 
allowed for accurate assignment of peaks, and the spectral characterisation of bone samples.  
 
 
 
 
Figure 3.6: Raw spectra collected from untreated T3U scapula (A) and scraped T3U scapula 
(B), using benchtop Bruker Vertex70 RamII instrument at 1064 nm, with peak labels. 
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Figure 3.7: Raw spectra collected from untreated T4S femur (A) and scraped T4S femur (B), 
using benchtop Bruker Vertex70 RamII instrument at 1064 nm, with peak labels. 
 
 
3.3.3 Portable Raman spectroscopic analysis 
 
Spectral data was collected from three randomly selected points on the scraped cortical bone 
surface of each bone sample using the portable EZRaman-NP-785 Analyzer, and averaged to 
give 24 spectra for analysis. The methodology is previously described in Section 3.2.3. Please 
refer to Appendix F for all spectra of scraped bones obtained using the portable instrumentation 
at 785 nm. 
 
R
am
an
 in
te
ns
ity
Wavenumber (cm-1)
A
B
 50 
3.3.3.1 Results 
 
Qualitative analysis of spectra unmistakeably emphasised the challenges associated with the 
examination of bone samples using Raman spectroscopy with excitation of 785 nm. Figures 
3.8 and 3.9 exhibit spectra A and B which were inundated with fluorescence interference. 
Although fluorescence appeared to be slightly reduced in the spectrum of scraped bones 
(spectrum B), the fluorescence was so high across all results that none of the peaks could have 
been identified precisely. As a result, all spectra acquired from scraped bone samples at 785 
nm were deemed unusable.  
 
 
 
Figure 3.8: Raw spectra collected from untreated T3U rib (A) and scraped T3U rib (B), using 
the portable EZRaman-NP-785 Analyzer at 785 nm.  
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Figure 3.9: Raw spectra collected from untreated T4S femur (A) and scraped T4S femur (B), 
using the portable EZRaman-NP-785 Analyzer at 785 nm.  
 
 
At this stage, despite sample preparation, the application of portable Raman spectrometers at 
785 nm in the characterisation of bone samples appears to be poor. Thus, it is clear that further 
research is necessary to investigate alternative sample preparation methods which may improve 
the application of portable instrumentation with 785 nm excitation in the analysis of bone 
material. Furthermore, it would be beneficial to test bone samples using portable 
instrumentation with 1064 nm excitation to assess their application in identifying diagenesis 
patterns in bone.  
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3.4 Evaluation of sample preparation methods 
 
To the best of our knowledge, an evaluation of chemical bleaching and scraping as sample 
preparation methods for bone tissue before Raman testing has never been published. For the 
reason of bridging the gap in knowledge, this study aimed to compare the quality and thus the 
usability of spectra obtained after each treatment protocol.  
 
A qualitative comparison of the spectra acquired, using the benchtop Bruker Vertex70 RamII 
instrument at 1064 nm, from two sections of an unshaded femur (T4U) and a shaded femur 
(T4S) which had undergone different preparation methods of bleaching and scraping is 
demonstrated in Figure 3.10.  
 
 
 
Figure 3.10: Raw averaged spectra from T4 femora; scraped T4U (blue), scraped T4S (orange), 
bleached T4U (pink), and bleached T4S (green), using benchtop Bruker Vertex70 RamII 
instrument at 1064 nm.  
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The spectra obtained from the scraped T4 femora (blue and orange) exhibited sharp distinct 
peaks with good separation from the background which allowed for precise peak assignment 
as seen in Figure 3.11 below. It became apparent that these spectra were far greater in quality 
in comparison to the weaker signals obtained from the bleached T4 femora (pink and green), 
which ultimately posed a great deal of difficulty in the assignment of any peaks except for the 
peak at 960 cm-1 with an acceptable level of confidence, as observed in Figure 3.11. 
 
 
 
 
Figure 3.11: Raw averaged spectra collected from T4 femora: scraped T4U and T4S (top) and 
bleached T4U and T4S (bottom), using benchtop Bruker Vertex70 RamII instrument at 1064 
nm, with peak labels. 
 
 
While it was clear that both sample preparation methods reduced the occurrence of 
fluorescence in Raman spectra of bone material to some varying degree, the present study 
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demonstrated that scraping of the bone was more effective at resolving this issue than chemical 
bleaching. Moreover, although both techniques were destructive to some extent, bone scraping 
was less destructive as only a minute portion of the bone was manually removed and the entire 
process was easily performed within seconds using just a scalpel. On the other hand, in order 
to minimise the destruction of the whole sample using the chemical bleaching process, a small 
section had to be initially cut from each bone and then soaked in various chemicals over a time 
period of approximately thirty hours. The stage at which the degradation of fluorescent 
contaminants ends and the decay of the sample itself begins during the bleaching method is not 
yet well understood (Shea, DA & Morris, MD 2002). Due to the unknown extent of sample 
destruction caused by the chemical bleaching protocol, the less destructive nature of the bone 
scraping process, along with its simplicity and the spectral findings of this study make it a more 
acceptable method for the treatment of bone material in forensic examinations. Its preferential 
use for sample preparation of skeletonised remains prior to Raman analysis allows for the 
preservation of forensic evidence in a state closest to their original form and is therefore 
supported and recommended in this study.  
 
3.5 Evaluation of benchtop and portable Raman instrumentation 
 
Although it has already been noted that portable instruments produce results which are 
typically less precise than those obtained by benchtop instrumentation (Pestle at al. 2015), to 
this day, a comparison of spectral data obtained from bones using portable and benchtop 
Raman technologies has never been attempted in Australia, particularly in the Hawkesbury 
region in NSW.  
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Visual differences in the quality of spectra obtained by the benchtop and portable Raman 
instruments in this study is demonstrated in Figure 3.12.  
 
 
 
Figure 3.12: Raw averaged spectra collected from scraped T1S femur using portable 
EZRaman-NP-785 Analyzer at 785 nm (A) and benchtop Bruker Vertex70 RamII at 1064 nm 
(B), with peak labels.  
 
 
Although both spectra were obtained from a femur which had been scraped, evidently, there 
was still significant interference from fluorescence in spectrum A, which was obtained by the 
portable instrument at 785 nm. Problematic fluorescence such as this hindered the 
identification of the chemical composition of the sample and complicated the assignment of 
genuine peaks. In such a case, significant baseline correction would be crucial prior to the 
interpretation of data to distinguish between true peaks and high spectral backgrounds due to 
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fluorescence. Regardless of this treatment, the confidence with which the peaks would have 
been assigned would have been reduced, and the precision of any interpretation made from a 
spectrum such as this would undeniably be questioned. On the other hand, spectrum B which 
was collected using the benchtop instrument at 1064 nm exhibited clear sharp peaks and 
allowed the author to confidently differentiate genuine peaks from background noise and assign 
peaks with sound accuracy.  
 
As discussed previously, one of the explanations for this variation in quality is that fluorescence 
generated by contaminants or by the sample itself can mask the Raman spectrum and affect the 
results obtained (Chalmers, Edwards & Hargreaves 2012; Stuart 2013). The only resolution for 
problematic fluorescence is analysis with near infrared radiation (NIR) excitation at 1064 nm, 
since lower excitation energy minimises the incidence of unwanted fluorescence (Chalmers, 
Edwards & Hargreaves 2012; Das & Agrawal 2011; Doty et al. 2016; Gebrekidan et al. 2016; 
Stuart 2013). To reduce and even possibly prevent the occurrence of problematic fluorescence, 
this study endorses the use of Raman spectroscopy with excitation of 1064 nm for examination 
of bone tissue, as this would overcome signal to noise ratio issues which are characteristic of 
shorter wavelengths including 785 nm.  
 
3.6 Conclusion 
 
Following the use of the benchtop Bruker Vertex70 RamII instrument at 1064 nm, and the 
portable EZRaman-NP-785 Analyzer at 785 nm in the examination of chemically bleached and 
scraped bone samples, it is evident that sample preparation is a necessary step in reducing 
fluorescence. The current study shows that both sample preparation methods reduce the 
occurrence of fluorescence in Raman spectra of bone tissue to some varying degree. Having 
 57 
said that, the study identifies the less destructive method of bone scraping as being more 
effective at resolving problematic fluorescence than chemical bleaching, as it produces spectral 
data of higher quality which is usable in the characterisation of bone samples.  
 
Additionally, despite sample preparation, the occurrence of fluorescence remains to be a major 
challenge encountered with 785 nm excitation, which brings into question the applicability of 
portable Raman spectrometers in the examination of bone material at 785 nm. It is satisfactorily 
determined that Raman spectral data acquired using portable instrumentation at 785 nm from 
bones which had been chemically bleached or scraped is of no use, neither qualitatively nor 
quantitatively. Further research is necessary to explore other sample preparation methods 
which may expand the suitability of these portable instruments in the examination of biological 
material, particularly bone tissue, at 785 nm. Moreover, the applicability of portable 
instruments with excitation of 1064 nm, which were unavailable for use in the present study, 
ought to be investigated. At this stage, Raman spectroscopy at 1064 nm is recommended for 
use on bone samples to ensure the quality and usability of spectral data.  
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Chapter 4 
 
Intra-carcass variation and the effect of bone type on Raman 
spectroscopic data in the Hawkesbury region, NSW 
 
4.1 Introduction 
 
Currently, data pertaining to differences in Raman diagenesis patterns exhibited by different 
bones from the same decedent is unavailable. What is known however is that bone is a 
heterogeneous material (Lukas et al. 2011). The shafts of long bones, such as femora, are 
mainly composed of cortical bone, which is thickest towards the centre of the structure (Rizzo 
2012). On the other hand, flat bones, including ribs and scapulae, are thin bones consisting of 
two flat plates of cortical bone tissue (Rizzo 2012). During burial, the skull, pelvis, and long 
bones including the humerus and the femur undergo the least amount of structural change 
(Creagh & Cameron 2016).  
 
This chapter aims to assess intra-carcass variation by examining spectra obtained from femora, 
scapulae and ribs collected from the same carcass. Using benchtop Raman instrumentation, its 
purpose is to determine whether bone type influences Raman spectral data, and if so, which 
bone produces usable results of high quality. The sub-study has three main aims. It intends to: 
• identify differences in spectra obtained from femora, scapulae and ribs, collected from 
the same carcass, using benchtop Raman instrumentation at 1064 nm, 
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• assess and compare the usability of this spectral data, and 
• identify which of the three bone types produces useable Raman spectra. 
 
4.2 Materials and methodology 
 
As previously discussed in Chapter 3, Raman spectroscopic analysis of bone material 
performed at 1064 nm was optimal as it produced usable and high quality spectral data. Spectra 
collected using the benchtop Bruker Vertex70 RamII at 1064 nm from three randomly selected 
points on the cortical surface of each bone sample, which had undergone either chemical 
bleaching or scraping, were selected for qualitative analysis. A more detailed description of the 
methodology can be found in Sections 3.2 and 3.3.  
 
4.3 Results 
 
Following data acquisition, spectra collected from the three different bone types were visually 
compared. Several examples of the differences in quality of the spectra which were 
encountered at times amongst scapulae, ribs and femora during this research are shown below 
in Figures 4.1-4.4.  
 
The spectra (A-C) of the bleached bones in Figure 4.1 exhibited fluorescence across all three 
bone types. Having said that, the spectrum obtained from the femur (A) demonstrated sharper 
peaks than the spectra of the rib and scapula (B and C respectively), which allowed for peak 
assignment with good confidence. The spectra acquired from the scapula and the rib were 
further compromised by fluorescence appearing in the same spectral region as those weak 
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Raman signals, which made it difficult to identify and assign peaks with confidence except for 
the peak at 960 cm-1.  
 
 
 
Figure 4.1: Raw averaged spectra collected from bleached T3S bone; femur (A), rib (B), and 
scapula (C) using benchtop Bruker Vertex70 RamII at 1064 nm, with peak labels. 
 
 
In Figure 4.2, the spectrum obtained from the femur (A) exhibited sharp discernible peaks with 
good separation from the background which permitted precise interpretation and peak 
assignment. This spectrum was clearly superior in quality in comparison to the weaker signals 
obtained from the scapula and the rib, which were further compromised by fluorescence 
appearing in the same spectral region as those weak Raman signals. In the rib and scapula 
spectra (B and C respectively), it was difficult to identify and assign peaks with confidence 
except for the peak at 960 cm-1. 
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Figure 4.2: Raw averaged spectra collected from scraped T1U bone; femur (A), rib (B), and 
scapula (C) using benchtop Bruker Vertex70 RamII at 1064 nm, with peak labels. 
 
 
In Figure 4.3 all spectra (A-C) from the three bone types appeared to be affected by fluorescence 
to varying degrees, though this was likely associated to the sample preparation method 
employed. As previously discussed in Chapter 3, this study showed that the chemical bleaching 
protocol did not reduce fluorescence as effectively as the scraping method.  
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Figure 4.3: Raw averaged spectra collected from bleached T4S bone; scapula (A), femur (B), 
and rib (C) using benchtop Bruker Vertex70 RamII at 1064 nm. 
 
 
In some instances, as can be seen in Figure 4.4, spectra obtained from the scapulae (spectrum 
A) revealed high levels of fluorescence even after the bones had been scraped. Potentially, the 
scraping process may have disturbed a significant portion of the flat layer of cortical bone and 
exposed the trabecular bone. While this was interesting, Raman analysis of trabecular bone 
was beyond the scope of the present research and this was not further investigated. The 
substantial amount of fluorescence brought into question the integrity of the data collected from 
scapulae. Significant baseline correction would have been necessary for the interpretation of 
this spectrum, otherwise, it would have been exceptionally difficult to differentiate with sound 
precision between any genuine peaks, that may have been of interest and high spectral 
backgrounds due to fluorescence. Nevertheless, the accuracy of the conclusions made would 
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have been challenged. On the other hand, interpretation of the spectra from the scraped femora 
and ribs (B and C) did not pose such problems.  
 
 
 
Figure 4.4: Raw averaged spectra collected from scraped T3S bone; scapula (A), femur (B), 
and rib (C) using benchtop Bruker Vertex70 RamII at 1064 nm. 
 
4.4 Conclusion 
 
Visual differences were identified during the examination of Raman spectra obtained from the 
femora, scapulae and ribs from individual carcasses. Overall, femora produced spectra which 
were evidently superior in quality and were thus usable for the characterisation of bone samples 
in most instances. Spectra obtained from the scapulae and ribs exhibited weaker signals, and 
were further compromised by fluorescence, however were still usable on some occasions. This 
is likely due to the fact that long bones have comparatively more cortical bone than flat bones 
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such as ribs and scapulae (Rizzo 2012). Cortical bone is much denser with a porosity ranging 
between 5% and 10% whereas trabecular bone is much more porous with porosity ranging 
between 50%-90% (Lukas et al. 2011). Although bone is heterogeneous, the lower porosity of 
cortical bone which is evident in larger proportions in long bones could potentially produce 
Raman spectral data of higher quality. While sampling from heterogeneous materials has been 
shown to limit quantitative analysis from spectral data in Raman testing of pharmaceuticals 
(Bell et al. 2004), this ought to be investigated in the examination of bone samples.  
 
The incidence of intra-carcass variation caused by the non-homogenous nature of bone raises 
questions regarding the potential of obtaining innumerable and different Raman spectra from 
the one decedent, and the issues involved with subsequently selecting a single representative 
spectrum, which will be relied upon for the characterisation of diagenetic changes in 
decomposing bone. Moreover, this complicates the quantitative analysis of spectral data by 
creating uncertainty surrounding its accuracy, and casts doubt on whether it could be used to 
calculate PMI precisely.  
 
Further inquiry in this topic could clarify the limits in which intra-carcass variation occurs, in 
the hopes to facilitate quantitative analysis from representative spectra and improve its 
accuracy. More research in the exploration of other bone types is also necessary in order to 
better understand intra-carcass variation and possibly identify alternative bone types which 
provide consistently high quality spectra, in the absence of femora from skeletonised remains.  
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Chapter 5 
 
Changes in femoral Raman diagenesis patterns over time in the 
Hawkesbury region, NSW 
 
 
5.1 Introduction 
 
During the process of decomposition, the progression of decay to skeletonisation and the 
corresponding loss of soft tissue further complicates the calculation of PMI with a cumulative 
number of variables affecting the rate of decomposition of skeletal remains. Upon the 
introduction of a bone to soil, the bone undergoes diagenesis, including chemical and physical 
changes (Hedges 2002; McLaughlin & Lednev 2011; Nielsen-Marsh et al. 2000). While it was 
initially thought that bone degradation was predominantly correlated to the decomposition of 
the mineral component within the bone (Nielsen-Marsh et al. 2000), the focus of subsequent 
research has shifted towards exploration of the degradation of the organic phase (Beeley & 
Lunt 1980; Collins et al. 2002; McLaughlin & Lednev 2011). During diagenesis, the organic 
structure principally undergoes collagen loss caused by chemical breakdown and collagenase 
activity of soil bacteria (Hedges 2002; Nagy et al. 2008). Considering that these processes are 
permanent, the degree and patterns of bone diagenesis should correlate to the PMI (McLaughlin 
& Lednev 2011). More significantly, the ability to quantify these diagenetic changes would be 
useful in designing a novel technique for PMI estimation from skeletal remains.  
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At present, there is a limited number of analytical techniques available for the calculation of 
PMI from skeletonised remains (Bertoluzza et al. 1997; Cook & MacKenzie 2014; McLaughlin 
& Lednev 2011; Ramsthaler et al. 2009; 2011; Schwarcz, Agur & Jantz 2010). With the 
exception of isotope dating, none have yet been established as acceptable in the forensic 
community due to their inability to produce data that is of quantitative use for the calculation 
of PMI with the desired level of accuracy (Hedges et al. 2007; Taylor et al. 1989).  
 
Although a technique capable of precisely determining PMI from forensically significant 
skeletonised remains independent of the environment in which they are found is not yet 
available, curiosity in this area has amplified as scientists work towards designing a 
standardised quantitative method. More recently, preliminary research has highlighted the 
potential use of Raman spectroscopy as a significant tool for the estimation of PMI from 
skeletal remains (Creagh & Cameron 2016; McLaughlin & Lednev 2011). Although Raman 
microscopy is unquestionably a valuable technique in the forensic sciences, having been used 
for decades in the examination and characterisation of bodily fluids, gunshot residue, paints, 
fibres, hairs, drugs and explosives (Chalmers, Edwards & Hargreaves 2012; Doty et al. 2016; 
Stuart 2013), at this point, its validity and accuracy for the purpose of PMI estimation have not 
been established. Extensive research is crucial to further explore and corroborate its 
applicability in the estimation of PMI from a sufficient range of bone samples exposed to a 
wide array of environmental, climatic and burial conditions. 
 
To the best of our knowledge, an investigation into the applicability of Raman spectroscopy 
for the collection of diagenetic spectral data from skeletonised remains, for PMI estimation in 
the Hawkesbury region, NSW has never been attempted. Thus, the current study is preliminary 
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work which acts as a proof of concept for the application of Raman spectroscopy in 
decomposition research.  
 
The current chapter in this pilot study has three main objectives. It aims to:  
• address the current knowledge gaps within the literature by examining Raman spectral 
data collected according to the protocol optimised in this study from pig femoral bones 
with known PMI deposited on shaded and unshaded soil surfaces in Hawkesbury, 
NSW, 
• identify and semi-quantitatively analyse Raman spectral trends of diagenesis over time, 
and 
• identify and visually compare Raman diagenetic trends over time within the two groups 
of shaded and unshaded bones. 
 
5.2 Materials and methodology 
 
A description of the location from which the skeletonised remains used in this study were 
collected has been presented in Section 2.2, together with descriptions of the animal models, 
the sample preparation protocols and experimental methodology, and the facility housing the 
benchtop Raman instrument. 
 
5.2.1 Study sample 
 
Given the preliminary nature of this research and for the purpose of investigating the 
correlation between bone diagenesis and PMI, with the hope of its quantification in the future, 
spectral data obtained from scraped femora on shaded and unshaded soil surfaces in 
 68 
Hawkesbury, NSW using the benchtop Raman instrument at 1064 nm was selected for semi-
quantitative data analysis.  
 
During the study, it became apparent that spectral data collected from scraped femoral bones 
using the benchtop Raman instrument at 1064 nm made a suitable starting point in the 
exploration of the use of Raman spectroscopy for the characterisation of bone diagenesis 
patterns. The selection of the following experimental conditions; scraping as the sample 
preparation method, benchtop Raman spectroscopy for data acquisition, and femoral bones for 
semi-quantitative analysis was justified in previous chapters. Moreover, possible explanations 
as to why these preferences provide spectral data of superior quality were discussed earlier in 
this thesis.  
 
In summary, as it was highlighted in Chapter 3, the scraping procedure appeared to reduce 
fluorescence interference more effectively than the chemical bleaching of bones and thus 
provided higher quality spectra. Furthermore, during the optimisation of the protocol for 
collection of spectral data from bone material, as outlined in Chapter 3, the benchtop Bruker 
Vertex70 RamII, with laser emission wavelength around 1064 nm provided spectra superior in 
quality than the portable EZRaman-NP-785 Analyzer with laser emission wavelength around 
785 nm. As previously discussed in Chapter 4, the quality of the Raman spectra obtained from 
the scapulae and the ribs was overall lower than the spectra collected from the femora, in both 
the bleached and scraped study samples.  
 
As shown below in Table 3.1, the study sample included eight femoral bones collected from 
eight individual sets of readily skeletonised pig remains with known times since death. T1S, 
T2S, T3S and T4S femora with known PMI of approximately two and a half years, two years, 
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one and a half years and one year, respectively were collected from soil surfaces shaded by 
trees at the site in Hawkesbury, NSW. Moreover, T1U, T2U, T3U and T4U femora with known 
PMI of approximately two and a half years, two years, one and a half years and one year, 
respectively were collected from unshaded soil surfaces from the same site.  
 
Table 3.1: Summary table of the scraped femora selected for the present study with dates and 
seasons of carcass deposition, and approximate PMI. 
 
 
Shaded femora Unshaded femora  
Sample Date of 
deposition 
Season of 
deposition 
Approximate 
PMI (years) 
Sample Date of 
deposition 
Season of 
deposition 
Approximate 
PMI (years) 
T1S 10.06.2014 Winter 2.5 T1U 10.06.2014 Winter 2.5 
T2S 09.12.2014 Summer 2 T2U 09.12.2014 Summer 2 
T3S 10.06.2015 Winter 1.5 T3U 10.06.2015 Winter 1.5 
T4S 08.12.2015 Summer 1 T4U 08.12.2015 Summer 1 
 
 
 
 
5.2.2 Benchtop Raman analysis of scraped femoral bones  
 
As described in Section 3.3.2, spectral data was collected from three randomly selected points 
on the scraped cortical bone surface of each femora using the benchtop Bruker Vertex70 RamII 
with excitation at 1064 nm. OPUS 7.5 software was used to operate the instrument and during 
protocol optimisation, the following acquisition parameters were selected for data collection; 
laser power: 300mW, spectral resolution: 5 cm-1, number of scans: 10 scans (from each of the 
three points) and scan range: 3,600-100 cm-1. The three spectra from each bone were averaged 
to give a representative bone diagenetic spectrum establishing the study sample which in total 
comprised of eight Raman spectra.  
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5.3 Results 
 
5.3.1 Analysis of Raman spectroscopic data 
 
Information concerning the structure and chemistry of collagen and bioapatite is contained 
within the Raman spectra of bone (Frushour & Koenig 1975; Morris & Mandair 2011).  
Although the molecular fingerprint of bone has been extensively covered in the literature 
(Awonusi, Morris & Tecklenburg 2007; Carden & Morris 2000; Carden et al. 2003; France 
at al. 2014; Khan et al. 2013; McLaughlin & Lednev 2011; Nelson & Featherstone 1982), 
research on the quantification of diagenetic patterns of bone after death is limited. Several 
studies, as previously mentioned, have in recent times attempted to quantify the changes in 
bone during the decomposition process using Raman spectroscopy (Creagh & Cameron 2016; 
France et al. 2016; McLaughlin & Lednev 2011).  
Following data collection from the study samples, T1S-T4S femora and T1U-T4U femora using 
the Bruker Vertex70 RamII at 1064 nm, spectra were normalised and baseline corrected. Peaks 
were then labelled using the OPUS 7.5 software, as indicated in Figures 5.1 and 5.2.  
 
 
 71 
	
	
Figure 5.1: Averaged Raman spectra collected from scraped ‘T1S-T4S’ femora using benchtop 
Bruker Vertex70 RamII at 1064 nm, with peak labels. 
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Figure 5.2: Averaged Raman spectra collected from scraped ‘T1U-T4U’ femora using benchtop 
Bruker Vertex70 RamII at 1064 nm, with peak labels. 
 
 
Although literature on Raman characterisation of bone is widely available, there are some 
inconsistencies in the documented positions of significant bands in the spectra of bone material 
(France at al. 2014; Khan et al. 2013; Mandair & Morris 2015; McLaughlin & Lednev 2011). 
In some instances, the variation eventuates genuinely due to the age, health and natural 
differences between human and animal models utilised. Furthermore, a small 1-2 cm-1 error 
may arise from the instrument itself and inaccurate calibrations (Mandair & Morris 2015). In 
Figures 5.1 and 5.2, peak shifts were observed only in the amide III bands, with some bands 
falling outside the reported range of 1243 – 1269 cm-1, nonetheless all the other peaks were 
positioned within the reported ranges (Carden & Morris 2000). The cause for these shifts, in 
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addition to any of the abovementioned reasons, could have been due to inaccurate peak picking 
performed by the user whilst utilising the software. Although this evoked curiosity, full 
characterisation of the amide III band was beyond the aims of the current research and further 
investigation was not initiated.  
 
Following peak picking, bands were assigned to functional groups according to known and 
published Raman spectra of bone material, previously shown in Table 1.1 (Carden & Morris 
2000). 
 
5.3.2 Visual assessment of Raman spectroscopic data 
 
A qualitative assessment was performed on the Raman spectra following band assignment. 
What was of significance in this visual examination were the peaks characteristic of bone 
material, their position and shape, and the presence of fluorescence interference and spectral 
background noise. Moreover, several bands that visually differentiate the quality of collagen 
were studied in the Raman spectra.  
 
Since degradation of organic material is more rapid than the mineral component of bone, it was 
expected that peaks relating to the structure of collagen, including amide I and amide III would 
provide information on collagen preservation in skeletonised remains (France at al. 2014; 
McLaughlin & Lednev 2011). Thus, it was anticipated that the intensities of the amide I and 
amide III bands would be reduced as the soft mineralised collagen transformed to a more rigid 
form of bone and the concentration of collagen decreased in the bone as the PMI increased. 
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Figures 5.3 and 5.4 demonstrate Raman spectra, with band assignment, obtained from T1S-T4S 
femora and T1U-T4U femora collected from shaded and unshaded surfaces in the Hawkesbury 
region, respectively.  
 
 
 
Figure 5.3: Averaged Raman spectra collected from scraped ‘T1S-T4S’ femora using benchtop 
Bruker Vertex70 RamII at 1064 nm, with band assignment. 
 
 
In Figure 5.3, it became clear that there were visual differences in the intensity of peaks in 
spectra collected from bones with different PMI. As it was hypothesised, the organic peaks of 
amide I and amide III in T1S, T3S and T4S spectra, displayed a common and gradual pattern of 
decrease in peak size and distortion in shape, possibly related to the reduction of collagen as 
PMI increased from one year to two and a half years since death. Moreover, this was 
demonstrated by the organic CH2 and CO32- peaks of the same spectra. This was also observed 
in the mineral component of the bones with the phosphate peaks v2 PO43, v4 PO43- and v1 PO43- 
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following a similar trend. It was interesting to note that the quality of the spectrum obtained 
from T2S was reduced, and smaller peaks, which might have been important were camouflaged 
by spectral noise. Possible explanations could stem from variability in the quality of the pig 
carcass itself or from the use of the recommended data acquisition parameters which may have 
been sub-optimal in this instance. The reasons were however not known with any certainty, 
and due to time constraints, this was not further investigated.  
 
 
 
Figure 5.4: Averaged Raman spectra collected from scraped ‘T1U-T4U’ femora using benchtop 
Bruker Vertex70 RamII at 1064 nm, with band assignment. 
 
 
In Figure 5.4, trends of decreases in organic peak size and alterations in peak shape were 
evident. The organic peaks of amide I and amide III in T1U, T3U and T4U spectra, displayed a 
reduction in peak size and distortion in shape, however, patterns were not gradual and did not 
appear to correspond to PMI. This was also portrayed by the organic CH2 and CO32- peaks of 
the same spectra. The mineral component of the bone followed a similar trend as shown by the 
phosphate peaks, v2 PO43, v4 PO43- and v1 PO43-. At the very least, because of the sample’s 
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higher PMI, it was expected that the intensity of amide III, amide I and CH2 peaks in the 
spectrum from T1U would have been considerably lower than the intensity of those peaks in the 
spectra obtained from T3U and T4U. The origin of inconsistency in these results was unknown 
and could not be logically attributed to any variable in this study aside from the variation 
between the pig carcasses which were utilised. Once again, it was noted that the quality of the 
spectrum obtained from T2U was poor.   
 
5.3.3 The effect of shaded and unshaded deposition surfaces on femoral 
Raman diagenesis patterns 
 
Factors which influence the rate at which biological organisms facilitate the process of 
decomposition have been discussed in the literature (Bass 1997; Campobasso, Di Vella & 
Introna 2001; Mann, Bass & Meadows 1990). Of most importance are variables including 
temperature, humidity, rainfall and accessibility of the decedent, with temperature suggested 
as affecting the activity of flora and fauna more significantly (Mann, Bass & Meadows 1990). 
Higher insect activity and more rapid decomposition are characteristic of cadavers found in 
warm regions, with the opposite holding truth for remains located in cooler locations.  
Additionally, research in this area has demonstrated that slight variations in temperature can 
cause changes in the rate of decay. Shean, Messinger and Papworth (1993) found that 
decomposition was faster in remains deposited in sunny locations than in remains placed in 
shaded regions. 
  
Furthermore, at present, it is acknowledged that temperature is extremely influential in the 
survival of collagen in bone material (Von Endt & Ortner 1984). Studies have shown that 
abnormally low temperatures inhibit microbiological attack, which in turn slow down the rate 
 77 
of decay of bone (Hedges 2002; Koon, Nicholson & Collins 2003). Koon, Nicholson and 
Collins (2003) found that there were similarities in the diagenetic processes of bones as a result 
of both long periods of burial and heating at up to 200 °C. However, to the best of our 
knowledge, there is no published literature which compares the diagenesis of forensically 
significant bones deposited on shaded and unshaded soil surfaces. In order to better understand 
the variables, which influence the decomposition of skeletonised remains, it is important to 
explore the effects of shaded and unshaded surfaces on alterations in bone over time, if any do 
exist. It was hypothesised in this study that samples deposited in shaded locations would 
decompose at a slower rate than those deposited in unshaded areas, due to less exposure to 
sunlight and lower temperatures.  
 
In Figure 5.5, the shaded femur produced a spectrum (T1S) which appeared to have a faster 
decomposition rate than the unshaded femur (T1U). While it was hypothesised that bones in 
shaded regions would decompose at a slower rate than unshaded bones due to lower 
temperatures, this was not observed in this study. One possibility for the difference in spectra 
could have arisen from the natural variability in the two pigs utilised. Research has shown that 
wet environments, such as unshaded areas which experience rainfall, are depleted of oxygen 
and consequently impede microbiological degradation of bones (Hedges 2002). This could 
explain the faster decomposition rate exhibited by T1S bones, as they were shaded from rainfall 
by heavy vegetation and trees and thus could have been in an optimal environment which 
favoured decomposition. On the other hand, the slow decomposition rate of the unshaded bones 
could have been the result of rainfall in the area as the Hawkesbury region receives 
approximately 801.2 mm of rainfall per year (Bureau of Meteorology 2017).  
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Figure 5.5: Averaged Raman spectra collected from scraped T1U and T1S femora using 
benchtop Bruker Vertex70 RamII at 1064 nm, with band assignment. 
 
 
In Figure 5.6, T2S and T2U femora produced poor quality spectra which demonstrated no real 
difference between the decomposition rates of femora on shaded and unshaded surfaces. 
Spectral results from T2 pig carcasses were consistently poor throughout this research. The 
reasons for this were however not explored due to time limitations.  
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Figure 5.6: Averaged Raman spectra collected from scraped T2S and T2U femora using 
benchtop Bruker Vertex70 RamII at 1064 nm, with band assignment. 
 
 
In Figure 5.7, differences between shaded (T3S) and unshaded (T3U) spectra were not observed, 
except for the peak at CH2, which is known to correspond to vibrations of lipids. It has been 
documented that although bone has a minimal fat content, at times it could be substantial, and 
introduces complications when dealing with mammalian bones containing elevated bone fat 
concentration (Le Blond et al. 2009).  
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Figure 5.7: Averaged Raman spectra collected from scraped T3U and T3S femora using 
benchtop Bruker Vertex70 RamII at 1064 nm, with band assignment. 
 
 
While it was originally hypothesised that decomposition of bones in shaded regions would 
occur at a slower rate than unshaded bones due to lower temperatures, this was not portrayed 
in spectra T3U and T3S. Similarly to T1S and T1U, T3 bones were deposited during winter, yet 
their spectral patterns behaved unexpectedly and did not mimic the trend shown by T1 femora 
in Figure 5.5.  The only visual variability observed in the spectra was in the CH2 band, which 
in this instance was more likely to be related to a difference in the fat content of the pigs, rather 
than the environmental conditions to which the bones were exposed.  
 
R
am
an
 in
te
ns
ity
Wavenumber (cm-1)
Amide I
CH2
wag Amide 
III
v1 PO43-
v2 PO43-
CH2 CO32-
T3U
T3S
 81 
In Figure 5.8, the hypothesis of slower decomposition rates occurring in shaded locations was 
not supported as there was no difference observed between the shaded (T4S) and unshaded 
(T4U) spectra. While T4 samples were collected from carcasses deposited during summer, 
according to our hypothesis, differences in shaded and unshaded environments, such as the 
varied exposure of samples to rainfall and sunlight, should have had some influence, to some 
degree on the decomposition rates of bones. This in turn should have been visually recognisable 
in the spectra obtained from those samples.  
 
 
 
Figure 5.8: Averaged Raman spectra collected from scraped T4U and T4S femora using 
benchtop Bruker Vertex70 RamII at 1064 nm, with band assignment. 
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5.4 Discussion 
 
The current study is the first to explore the applicability of Raman spectroscopy in the 
assessment of bone diagenetic patterns in the Hawkesbury region of NSW. While this research 
is preliminary and does not provide answers for every outstanding question, it acts as a proof 
of concept for the application of Raman spectroscopy in the examination of collagen loss and 
other diagenesis patterns in decomposing bones. It also forms the basis on which further and 
more extensive research will be conducted towards the development of an accurate technique 
for PMI estimation from skeletonised remains.  
 
Consistent with previous studies (McLaughlin & Lednev 2011), there were visual differences 
evident in the intensity of peaks in the spectra collected from scraped femoral bones with 
varying PMI. In spectra collected from samples deposited on shaded surfaces, the organic 
peaks of amide I and amide III displayed a common and gradual pattern of decrease in peak 
size and distortion in shape, possibly related to the reduction of collagen as PMI increased. 
Spectra from unshaded femoral bones were inconsistent for reasons which are not identified 
nor explained in this study, except for the possibility of variation between the pig carcasses 
utilised. 
 
Absolute calculations from Raman peak intensities are complex, especially in biological 
materials such as bone. Quantitative analysis of Raman data usually takes the form of band 
intensity ratios of peak height or peak area of mineral/organic and carbonate/phosphate 
components (Mandair & Morris 2015). Quantitative analysis of spectra was not performed in 
this research for various reasons, mainly because the study was not longitudinal and utilised 
eight pig carcasses with various PMI, which produced some inconsistent results. Furthermore, 
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visual assessment of spectral data produced in this research has shown that the use of a limited 
sample size makes it inadequate to draw, with confidence, quantitative conclusions about bone 
diagenesis over time. 
 
It is a well-established fact that the process of decomposition is influenced by many factors, so 
it is important that variables which can be controlled ought to be to minimise the number of 
confounding factors present. This would also help in the quantification of diagenetic changes 
and their classification according to the variables at play during the decomposition process. It 
is hoped that in the future, longitudinal studies are conducted to investigate the changes in bone 
chemistry in individual carcasses over time. From these studies, it would then be possible to 
conduct accurate quantitative analysis of diagenetic patterns in decomposing bone and develop 
models for PMI estimation. Testing of these protocols must be performed in different 
geographical locations with diverse environmental and climatic conditions. Moreover, greater 
sample sizes spanning longer periods of time, both in burial and superficial deposition settings 
should be utilised to better our understanding of decomposition. Extensive investigation as 
such could establish the suitability of a standardised universal model of decomposition, or 
could emphasise the requirement for distinct models which correspond to different seasons in 
every climatic region.  
 
After investigating the difference in decomposition rates of shaded and unshaded femora with 
the same PMI of two and a half years, the study shows that unshaded bone has a slower 
decomposition rate than shaded bone. While this is inconsistent with the previous research of 
Shean, Messinger and Papworth (1993), those results resonate with the findings of reduced 
rates in decay of bones in wet environments (Hedges 2002). Having said that, analysis of 
Raman spectra from shaded and unshaded femora with PMI of one and a half years and one 
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year do not mimic this finding, nor do they fit the initial hypothesis of slower decomposition 
rates occurring in shaded locations. While the foundation of these inconsistencies could 
possibly be traced back to the natural variation occurring in pig carcasses confounded by other 
variables, these results are not yet understood. Conflict in results highlights the need for further 
research to be undertaken to better understand the effects of shaded and unshaded surfaces on 
bone diagenesis patterns. Future studies in this area should attempt to use bones from the same 
decedent on shaded and unshaded soil surfaces to reduce the number of variables influencing 
the process and any potential sources of inconsistency.  
 
The parameters suggested in this study for data acquisition using the benchtop Bruker Vertex70 
RamII provide a rapid method capable of producing precise and high quality spectra in most 
instances. However, for some samples such as T2 bones, the parameters recommended were 
perhaps not optimal and it is possible that usable results could have been collected had the 
parameters been accustomed subjectively. Unfortunately, due to time restrictions this was not 
possible in this study. For future research, it is recommended that in instances where spectra 
exhibit extensive spectral noise, parameters should be adjusted to identify the most optimal 
data collection conditions. Further research should focus on acquiring spectral data at lower 
resolutions, with a higher number of scans which would aid in reducing spectral noise and 
producing higher quality spectra.  
 
Raman spectra in the current research were obtained from only three points on each bone, and 
due to the heterogeneous nature of bone, they should not be considered as representative 
profiles of samples. In the future, more time should be dedicated for the collection of additional 
data from each sample in order to detect the presence of decay heterogeneity along the bones’ 
cortical surfaces.  
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While curiosity in the Raman analysis of skeletonised remains is intensifying, more research 
on the suitability of Raman spectroscopy in the examination of bone decay for PMI estimation 
is required. It is hoped that with the current study as a foundation, further research will become 
available in the near future to improve our understanding of diagenetic changes in bone after 
death.  
 
5.5 Conclusion 
 
This is the first study to collect Raman spectral data from pig femoral bones with known PMI 
deposited on shaded and unshaded soil surfaces in Hawkesbury, NSW. It is also the first to 
identify and semi-quantitatively analyse Raman spectral trends of diagenesis over time in that 
location, and compare diagenetic trends within the two groups of shaded and unshaded bones. 
 
Visual differences in the intensity of the spectra collected from scraped femoral bones with 
varying PMI from shaded soil surfaces were consistent with previous studies. Amide I and 
amide III peaks demonstrated a gradual decrease in peak size and distortion in shape, possibly 
related to lower collagen content corresponding to an increase in PMI. Significant 
inconsistencies were however reported for unshaded femoral bones.  
 
The study demonstrates that unshaded bone with PMI of two and a half years has a slower 
decomposition rate than shaded bone with the same PMI, possibly due to reduced rates of bone 
decay in wet environments. Raman analysis of shaded and unshaded femora with PMI of one 
and a half years and one year do not mimic this finding and do not fit the initial hypothesis of 
slower decomposition rates occurring in shaded locations.  
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The research highlights the need for longitudinal studies to investigate and quantify the changes 
in bone chemistry in individual carcasses over time, which will decrease the potential of 
variation between samples. These studies should be performed in different geographical 
locations with diverse environmental and climatic conditions, and on larger sample sizes 
spanning longer periods of time, both in burial and superficial deposition settings. 
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Chapter 6 
 
General Discussion 
 
6.1 Introduction 
 
The accurate estimation of PMI by forensic anthropologists is invaluable in forensic 
investigations involving decomposing human remains as it can aid in the identification of 
victims and other parties involved in what could be identified as a criminal case. Nonetheless, 
calculation of time since death is inherently complicated by the process of human 
decomposition, which in itself is exceptionally complex, both biologically and chemically, due 
to the interaction between a varied range of bacteria, fungi and enzymes, each operating within 
an optimal environment (Gill-King 1997). Following death, the body becomes deprived of 
oxygen initiating a sequence of events, which leads to cell necrosis and the start of autolysis 
and subsequently putrefaction. The rate at which a body decomposes is significantly influenced 
by a vast number of environmental, contextual and intrinsic factors, including temperature, 
acidity, oxygen availability, rainfall, sun exposure, clothing, insect and scavenger activity, 
burial depth and presence of trauma, all of which have a substantial impact on the internal 
chemical and biological advancement of decomposition (Campobasso, Di Vella & Introna 
2001; Dent, Forbes & Stuart 2004; Galloway et al. 1989; Gill-King 1997; Rhine & Dawson 
1998; Vass et al. 2002; Vass 2011).  
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Seeing that forensic anthropologists are involved in legal matters which are likely to be heard 
in court, their evidence and the techniques on which they rely in their examinations must be 
deemed admissible in court. Following the Daubert ruling (1993), the introduction of the NSW 
Evidence Act (1995) and cases such as Makita v Sprowles (2001), it was decided that the 
admissibility of expert testimonies produced by expert witnesses is dependent on whether 
specific standards have been met, such as the use of standards and controls, error rates, 
published journals, peer-review and the general acceptance of the methodology within the 
scientific community. As a result, inquiry into the development of a reliable technique for PMI 
calculation has gained in popularity in the fields of forensic anthropology, pathology and 
taphonomy, with limited success (Bass 1997; Henssge & Madea 2007; Rhine & Dawson 1998; 
Swift et al. 2001).  
 
At the time of writing, precise and standardised methods for PMI estimation from remains in 
both the early and late stages of decomposition have not yet been developed. Due to the 
complexity of PMI calculations caused by the effects of climate and environmental conditions 
on the process of human decomposition and the rate at which it occurs, a model for the 
estimation of PMI in microclimates is essential. While several international PMI studies have 
investigated the effects of the external environment and scene context on the rate of 
decomposition of skeletonised remains through Raman spectroscopy, little research concerned 
with PMI estimations from skeletonised remains has been conducted in Australia, specifically 
the Hawkesbury region, NSW. The current study thus attempts to resolve this by firstly 
optimising the method for Raman analysis of skeletonised remains and secondly collecting 
data on diagenetic patterns of decomposing bone in the Hawkesbury region. Additionally, the 
study provides preliminary baseline data which with further research will hopefully be 
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expanded to support the design of a reliable method for PMI estimation from skeletonised 
remains capable of producing evidence that is admissible in courts of law.  
 
6.2 Key findings and applications 
 
The present study is a proof of concept aiming to explore the applicability of benchtop and 
portable Raman spectroscopy in the assessment of bone diagenesis for the estimation of PMI. 
As far as we know, it is the first to do so in the Hawkesbury region in NSW. The current study 
aimed to firstly assess whether sample preparation is necessary for the acquisition of useable 
Raman spectra from skeletonised remains, and if so, to identify which of the two protocols, 
chemical bleaching or bone scraping, is more effective and less destructive in the treatment of 
bone material prior to Raman spectroscopy for the purpose of reducing problematic 
fluorescence in spectral data. Secondly, it intended to assess the applicability of benchtop and 
portable instrumentation in the characterisation of diagenesis patterns of skeletal remains. 
Thirdly, it aimed to identify which of the scapulae, ribs and femora produces Raman spectra of 
high quality, that are suitable for interpretation in decomposition research and potentially in 
future forensic case work. Lastly, it intended to identify and semi-quantitatively analyse 
spectral trends of diagenesis over time, and assess differences, if any, between diagenetic 
patterns of bones located in shaded and unshaded environments within the Hawkesbury region 
in NSW. 
 
The current study shows that sample preparation is necessary to eliminate the fluorescence 
which is abundantly present in the spectra of untreated bone samples in order to generate usable 
Raman data from bone material. While it has been previously demonstrated that both chemical 
bleaching and scraping of bones reduce the occurrence of interfering fluorescence in Raman 
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spectra (Chen, Shea & Morris 2002; Penel, Leroy & Brés 1998; Pestle at al. 2015), the study, 
which to the best of our knowledge is the first to directly compare the two techniques, 
demonstrates that bone scraping is more effective at resolving problematic fluorescence than 
chemical bleaching, as it produces spectral data of higher quality that is usable in the 
characterisation of bone samples. Furthermore, its application is more suitable in the 
examination of forensic samples as it is less destructive than chemical bleaching and ensures 
the conservation of evidence as best as possible for future testing of reproducibility if 
demanded, for example by the defence team. The design of an accurate PMI estimation model 
based on Raman analysis of skeletonised remains, which is admissible in court relies on the 
collection of high quality data from samples whose integrity has been preserved.  
 
The present study also finds that despite sample preparation, the occurrence of fluorescence is 
still a significant problem with analysis at 785 nm excitation, which casts doubt over the 
applicability of some benchtop and portable Raman spectrometers at wavelengths other than 
1064 nm in the testing of bone material. Although McLaughlin and Lednev (2011) report 
acquisition of usable spectra from chemically bleached turkey bones, that had been buried, 
using benchtop Raman spectroscopy at 785 nm, the current research was unable to replicate 
this finding on superficially deposited pig bone samples, which had been either chemically 
bleached or scraped, using the portable instrument with the same laser frequency. Whether this 
is due to differences in the Raman instruments used, the species of bones utilised or the burial 
conditions to which the samples were exposed was unknown and not further explored. This 
research reasonably confirms that Raman spectral data collected using portable instrumentation 
at 785 nm from bones which had been chemically bleached or scraped is of no use, neither 
qualitatively nor quantitatively. Due to these findings, the authors recommend the use of 
benchtop Raman spectroscopy at around 1064 nm for the testing of bone samples, as we 
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suggest this is the most appropriate for the collection of high quality spectral data, which is 
usable for the development of a method for PMI estimation. Nonetheless, the application of 
portable instruments with excitation of 1064 nm (unavailable for testing in the present study) 
and benchtop instruments with excitation of 785 nm (not performed due to time constraints), 
ought to be investigated in future research. 
 
In the current study, femora have been shown to be the most suitable bone type for Raman 
analysis as the spectra acquired are of higher quality than spectra obtained from scapulae and 
ribs. As research in the use of Raman spectroscopy for the examination of forensically relevant 
bone material is in its infancy, no research has yet been published directly comparing the 
usability of spectra obtained from femora, scapulae and ribs. It is thus hoped that further 
research will focus on gathering and comparing spectral data from a larger sample set of 
scapulae, ribs and femora exposed to various environmental and burial conditions to further 
understand the differences in diagenetic changes exhibited by decomposing bone over time. 
More inquiry on the effect of bone type on Raman analysis could possibly identify alternative 
bone types which provide consistently high quality spectra, should the femora be absent from 
skeletonised remains. It is only when diagenetic patterns are wholly understood and generally 
accepted, that the development of a precise method for PMI estimation based on Raman 
spectroscopic analysis of skeletonised remains is feasible.   
 
Like the findings of previous studies, the present research reveals visual differences in peak 
intensity in spectra collected from bones with varying PMI (Creagh & Cameron 2016; 
McLaughlin & Lednev 2011). In some spectra, as it was anticipated, the organic peaks of amide 
I and amide III exhibit a common and gradual pattern of decrease in peak size and distortion 
in shape, possibly related to the reduction of collagen in bone samples as PMI increased. While 
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the authors elected not to proceed with the calculation of PMI from bone samples in this study 
for reasons discussed in Sections 5.4 and 6.3, the current research, through the collection of 
preliminary baseline data however suggests the potential of the use of Raman spectroscopy in 
the development of an accurate technique for PMI estimation. It is thus expected that further 
inquiry on the use of Raman spectroscopy will result in a larger data set whose quantitative 
analysis could ultimately lead to the design of a precise method for PMI estimation from 
skeletonised remains which is accepted in court. 
 
The current study demonstrates that unshaded bone with PMI of two and a half years has a 
slower decomposition rate than shaded bone with the same PMI, which is inconsistent with the 
previous research of Shean, Messinger and Papworth (1993). Having said that, results from 
unshaded samples are consistent with the findings of reduced rates in decay of bones in wet 
environments (Hedges 2002) as the Hawkesbury region receives approximately 801.2 mm of 
rainfall per year (Bureau of Meteorology 2017). This pattern is however not replicated in 
Raman spectra obtained from femora with PMI of one and a half years. Moreover, the data 
does not fit the initial hypothesis of slower decomposition rates occurring in shaded locations. 
The reasons for inconsistency in these results are not yet understood. Further research using 
bones from the same decedents deposited on shaded and unshaded soil surfaces in the 
Hawkesbury region is necessary to improve our understanding of the effects of exposure to 
sunlight and rainfall on diagenesis patterns in decomposing bones.  
 
This study is a proof of concept for the application of Raman spectroscopy in the examination 
of bone decomposition patterns. It is the first study in the Hawkesbury region, NSW and only 
the second in Australia, to investigate the use of Raman spectroscopy in the analysis of bone 
material superficially deposited on soil surfaces for the purposes of PMI estimation. Even 
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though the study did not provide all the answers, preliminary data demonstrates the 
applicability of Raman testing in the characterisation of bone spectra and the possibility of 
extracting information concerning bone decomposition patterns such as collagen loss over 
time, both of which are necessary in the design of an accurate model for the approximation of 
PMI. Given the push towards standardisation and general acceptance of scientific techniques 
for admissibility in court, this research is a solid starting point in the initial investigation of 
PMI estimation from skeletonised remains in Australia. 
 
6.3 Recommendations for future research 
 
Research into the decomposition of skeletonised remains using Raman spectroscopy is still in 
in its early stages; to date, only a handful of such studies have been undertaken (Creagh & 
Cameron 2016; McLaughlin & Lednev 2011). While inquiry in this field is growing in other 
parts of the world, studies exploring techniques for PMI calculation from skeletonised remains 
in the Australian climate and environment are limited. This becomes clear when considering 
the unavailability of Raman spectral data concerning changes in bone after death and 
skeletonisation. Based on the studies reported in this thesis, further research is necessary to 
explore the application of Raman spectroscopy in the investigation of bone diagenesis patterns 
with the hopes to develop in the near future a model for PMI estimation from skeletonised 
remains found in the Hawkesbury region, NSW.  
 
Due to time constraints, the study did not conduct testing of bone samples using the benchtop 
Bruker Ramanscope III Senterra spectrometer with excitation of 785 nm. Additionally, a 
portable instrument with excitation around 1064 nm was not available for use. Analyses as 
such would have enabled better comparisons in this study of spectral data collected using both 
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benchtop and portable instrumentation. Further research is recommended to explore ways in 
which current sample preparation techniques including chemical bleaching or scraping can be 
improved; or alternative treatments which are more effective in minimising fluorescence and 
producing high quality spectra, during the application of benchtop instrumentation with 
excitation of 785 nm and 1064 nm, and portable instrumentation with excitation of 785 nm. 
Moreover, research using a portable Raman spectrometer at 1064 nm should be attempted to 
enquire into the applicability of handheld instruments for rapid spectral collection from 
skeletonised biological material in the field.  
 
The application of the optimised technique in the current research must be validated for 
skeletonised remains located in areas which not only differ in climate and environmental 
conditions but also in physical settings including burials and superficial deposits. The ways in 
which skeletal remains are stored, whether buried or deposited superficially, play a significant 
role in PMI estimation. This is because these physical conditions define the various levels of 
exposure to bacterial and animal activity, sunlight, rainfall, and other weather factors which 
affect the rate at which the bones decompose and collagen is lost and ultimately the estimation 
of PMI (Byers 2011). This study attempted to examine collagen loss in superficially deposited 
bones in Hawkesbury, NSW, and due to time constraints, the applicability of this method to 
buried bones, as previously investigated by McLaughlin and Lednev (2011), was not tested. 
To overcome this, further research must be undertaken on bone samples exposed to different 
physical conditions in Hawkesbury, NSW to assess whether collagen is lost from bone 
postmortem at a well-defined rate that is not significantly dependant on the storage 
environment. In the future, this technique should be utilised in microclimates across Australia, 
and around the world to assess whether a standardised model for PMI estimation could be 
developed using the data collected internationally.  
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The author recommends the Raman testing of bones in longitudinal studies over longer periods 
of time to investigate the applicability of the proposed method on samples with higher PMI 
than the times since death utilised in this study. Due to time restrictions and to mimic 
decomposition over time, samples were collected from readily skeletonised individual pig 
carcasses with a limited range of PMI, one year to two and a half years. While this allowed for 
collection of spectra encompassing up to two and a half years of decomposition from several 
pigs in the short period of time given for this research, this prevented the quantitative analysis 
of spectral data as patterns of diagenesis within each carcass were not examined over time, 
instead they were only captured once. Not only is quantitative analysis using Raman peak 
intensities complicated, particularly in bone, but the use of a limited sample size in this study 
made it inadequate to confidently infer quantitative conclusions about bone diagenesis over 
time and thus prevented the calculation of PMI from bone samples in this study. Longitudinal 
studies using a larger sample set ought to be attempted for the assessment of changes in bone 
chemistry in different pig carcasses over time. In PMI studies, abundant with variables 
affecting the complicated process of decomposition, longitudinal studies would minimise 
inconsistencies arising from natural variation in the decedents. From such research, it would 
then be possible to conduct accurate quantitative analysis of diagenetic patterns in 
decomposing bone and develop models for PMI estimation from skeletonised remains.  
 
An extensive amount of research into human decomposition, including the current study has 
relied upon pigs as a proxy for humans (Komar & Beattie 1998; Wilson et al. 2007). Due to 
the obstacles and complications brought about when conducting research on donated human 
bodies, the use of pigs in decomposition studies has been significantly advantageous in the 
optimisation of techniques and the collection of preliminary data. Nonetheless, it would be 
unequivocally beneficial and necessary, to replicate the optimised technique in this study on 
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human cadavers to observe the effectiveness of sample preparation techniques in the reduction 
of fluorescence in human bone material, and to investigate whether diagenesis patterns are 
consistent across species. Depending on the results obtained from Raman spectroscopic 
analysis of human skeletonised remains in longitudinal studies, a standardised method for PMI 
calculation from decedents in the later stages of decomposition could be attainable.  
 
Considering the unavailability of established techniques for the estimation of PMI from 
skeletonised remains, there is unquestionably an overwhelming need for the development of 
standardised techniques which are admissible in a court of law. Having demonstrated the 
potential of Raman spectroscopy in decomposition studies, what is now required is the 
collaboration between researchers on an international scale to collect and publish substantial 
data on bone diagenetic patterns of skeletonised remains found in different microclimates 
exposed to a variety of factors known to affect the rate of decomposition. From this, not only 
could regional specific models for PMI estimation be formulated, but it might even be possible 
to design a universal, statistical based model for accurately approximating PMI from 
skeletonised remains.   
 
6.4 Concluding remarks 
 
At this point in time, despite the growing interest in human decomposition research, a 
scientifically accepted method for PMI estimation from skeletonised remains found in a 
particular microclimate, or a general geographical location is not yet available. Regrettably, in 
Australia, minimal research has been conducted to investigate the changes in bone chemistry 
after death for the purposes of PMI estimation. Furthermore, diagenetic changes in skeletonised 
remains located in NSW, including the Hawkesbury region, have never been explored to the 
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best of our knowledge. The current extent of the general understanding of human 
decomposition considering the plethora of factors which influence it emphasises the need for 
further exploration in this field. The more data that is collected on the changes in bone 
chemistry during the decomposition process, the better our understanding of variables which 
affect the rate at which decomposition progresses within that geographical location. From this, 
it becomes possible to design models of human decomposition specific to microclimates and 
develop a method for PMI estimation from skeletonised remains. This will not only be a 
triumph in the fields of forensic anthropology, taphonomy and pathology, but it will also have 
a positive impact in the courts of law.  
 
This study examines the application of Raman spectroscopy as a rapid technique for the 
investigation of collagen loss from bone in the later stages of decomposition, with a specific 
focus on the characterisation of Raman spectral bands corresponding to the degradation of 
collagen. The study is successful in optimising the protocol for Raman data acquisition from 
skeletonised remains using benchtop instrumentation with 1064 nm excitation. Furthermore, 
through the comparison of chemical bleaching and scraping techniques for sample preparation 
of bone prior to Raman analysis, the study demonstrates that the less destructive method of 
scraping is more effective in reducing fluorescence in spectra. This finding is substantial in the 
assessment of Raman spectroscopy for the study of diagenesis of bone and the estimation of 
PMI from skeletonised remains as the preservation of evidence during testing is preferred in 
forensic case work. Additionally, the study is the first of its kind to be attempted in 
Hawkesbury, NSW and thus provides preliminary baseline data on diagenetic patterns of 
decomposing bone, which may potentially be used in a forensic context. By optimising the 
processes of sample preparation and data collection from bone material using Raman 
spectroscopy, the authors encourage and support further research using Raman instrumentation 
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for the analysis of changes in bone chemistry in skeletonised remains. An increase in published 
data on bone diagenesis will indisputably add to a greater understanding of human 
decomposition and allow for the development of a much-needed technique for the accurate 
estimation of PMI from skeletonised remains.  
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Appendix A 
 
 
 
Figure A.1: Spectrum collected from untreated T1S femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
Figure A.2: Spectrum collected from untreated T1S rib using benchtop Bruker Vertex70 RamII 
instrument at 1064 nm. 
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Figure A.3: Spectrum collected from untreated T1S scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.4: Spectrum collected from untreated T1U femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Figure A.5: Spectrum collected from untreated T1U rib using benchtop Bruker Vertex70 RamII 
instrument at 1064 nm. 
 
 
 
 
Figure A.6: Spectrum collected from untreated T1U scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Figure A.7: Spectrum collected from untreated T2S femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.8: Spectrum collected from untreated T2S rib using benchtop Bruker Vertex70 RamII 
instrument at 1064 nm. 
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Figure A.9: Spectrum collected from untreated T2S scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.10: Spectrum collected from untreated T2U femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Figure A.11: Spectrum collected from untreated T2U rib using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.12: Spectrum collected from untreated T2U scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 118 
 
 
Figure A.13: Spectrum collected from untreated T3S femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.14: Spectrum collected from untreated T3S rib using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Figure A.15: Spectrum collected from untreated T3S scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.16: Spectrum collected from untreated T3U femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Figure A.17: Spectrum collected from untreated T3U rib using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.18: Spectrum collected from untreated T3U scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 121 
 
 
Figure A.19: Spectrum collected from untreated T4S femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.20: Spectrum collected from untreated T4S rib using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 122 
 
 
Figure A.21: Spectrum collected from untreated T4S scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.22: Spectrum collected from untreated T4U femur using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Figure A.23: Spectrum collected from untreated T4U rib using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
 
 
 
 
Figure A.24: Spectrum collected from untreated T4U scapula using benchtop Bruker Vertex70 
RamII instrument at 1064 nm. 
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Appendix B 
 
 
 
Figure B.1: Spectrum collected from untreated T1S femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.2: Spectrum collected from untreated T1S rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 125 
 
 
Figure B.3: Spectrum collected from untreated T1S scapula using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
 
Figure B.4: Spectrum collected from untreated T1U femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.5: Spectrum collected from untreated T1U rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.6: Spectrum collected from untreated T1U scapula using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.7: Spectrum collected from untreated T2S femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.8: Spectrum collected from untreated T2S rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.9: Spectrum collected from untreated T2S scapula using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.10: Spectrum collected from untreated T2U femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.11: Spectrum collected from untreated T2U rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.12: Spectrum collected from untreated T2U scapula using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure B.13: Spectrum collected from untreated T3S femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.14: Spectrum collected from untreated T3S rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.15: Spectrum collected from untreated T3S scapula using portable EZRaman-NP-
785 Analyzer at 785 nm. 
 
 
 
Figure B.16: Spectrum collected from untreated T3U femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.17: Spectrum collected from untreated T3U rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.18: Spectrum collected from untreated T3U scapula using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure B.19: Spectrum collected from untreated T4S femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.20: Spectrum collected from untreated T4S rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.21: Spectrum collected from untreated T4S scapula using portable EZRaman-NP-
785 Analyzer at 785 nm. 
 
 
 
Figure B.22: Spectrum collected from untreated T4U femur using portable EZRaman-NP-785 
Analyzer at 785 nm. 
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Figure B.23: Spectrum collected from untreated T4U rib using portable EZRaman-NP-785 
Analyzer at 785 nm. 
 
 
 
Figure B.24: Spectrum collected from untreated T4U scapula using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure C.1: Averaged spectrum collected from chemically bleached T1S femur using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
Figure C.2: Averaged spectrum collected from chemically bleached T1S rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.3: Averaged spectrum collected from chemically bleached T1S scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
 
Figure C.4: Averaged spectrum collected from chemically bleached T1U femur using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.5: Averaged spectrum collected from chemically bleached T1U rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.6: Averaged spectrum collected from chemically bleached T1U scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.7: Averaged spectrum collected from chemically bleached T2S femur using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.8: Averaged spectrum collected from chemically bleached T2S rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.9: Averaged spectrum collected from chemically bleached T2S scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.10: Averaged spectrum collected from chemically bleached T2U femur using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.11: Averaged spectrum collected from chemically bleached T2U rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.12: Averaged spectrum collected from chemically bleached T2U scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.13: Averaged spectrum collected from chemically bleached T3S femur using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.14: Averaged spectrum collected from chemically bleached T3S rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.15: Averaged spectrum collected from chemically bleached T3S scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.16: Averaged spectrum collected from chemically bleached T3U femur using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.17: Averaged spectrum collected from chemically bleached T3U rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.18: Averaged spectrum collected from chemically bleached T3U scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.19: Averaged spectrum collected from chemically bleached T4S femur using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.20: Averaged spectrum collected from chemically bleached T4S rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.21: Averaged spectrum collected from chemically bleached T4S scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.22: Averaged spectrum collected from chemically bleached T4U femur using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure C.23: Averaged spectrum collected from chemically bleached T4U rib using benchtop 
Bruker Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure C.24: Averaged spectrum collected from chemically bleached T4U scapula using 
benchtop Bruker Vertex70 RamII instrument at 1064 nm. 
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Figure D.1: Averaged spectrum collected from chemically bleached T1S femur using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
Figure D.2: Averaged spectrum collected from chemically bleached T1S rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.3: Averaged spectrum collected from chemically bleached T1S scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.4: Averaged spectrum collected from chemically bleached T1U femur using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.5: Averaged spectrum collected from chemically bleached T1U rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.6: Averaged spectrum collected from chemically bleached T1U scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.7: Averaged spectrum collected from chemically bleached T2S femur using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.8: Averaged spectrum collected from chemically bleached T2S rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.9: Averaged spectrum collected from chemically bleached T2S scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.10: Averaged spectrum collected from chemically bleached T2U femur using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.11: Averaged spectrum collected from chemically bleached T2U rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.12: Averaged spectrum collected from chemically bleached T2U scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.13: Averaged spectrum collected from chemically bleached T3S femur using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.14: Averaged spectrum collected from chemically bleached T3S rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.15: Averaged spectrum collected from chemically bleached T3S scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
igure D.16: Averaged spectrum collected from chemically bleached T3U femur using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.17: Averaged spectrum collected from chemically bleached T3U rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.18: Averaged spectrum collected from chemically bleached T3U scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.19: Averaged spectrum collected from chemically bleached T4S femur using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.20: Averaged spectrum collected from chemically bleached T4S rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.21: Averaged spectrum collected from chemically bleached T4S scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.22: Averaged spectrum collected from chemically bleached T4U femur using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
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Figure D.23: Averaged spectrum collected from chemically bleached T4U rib using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
 
 
 
Figure D.24: Averaged spectrum collected from chemically bleached T4U scapula using 
portable EZRaman-NP-785 Analyzer at 785 nm. 
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Appendix E 
 
 
 
Figure E.1: Averaged spectrum collected from scraped T1S femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
Figure E.2: Averaged spectrum collected from scraped T1S rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.3: Averaged spectrum collected from scraped T1S scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.4: Averaged spectrum collected from scraped T1U femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.5: Averaged spectrum collected from scraped T1U rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.6: Averaged spectrum collected from scraped T1U scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.7: Averaged spectrum collected from scraped T2S femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.8: Averaged spectrum collected from scraped T2S rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.9: Averaged spectrum collected from scraped T2S scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.10: Averaged spectrum collected from scraped T2U femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 165 
 
 
Figure E.11: Averaged spectrum collected from scraped T2U rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.12: Averaged spectrum collected from scraped T2U scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.13: Averaged spectrum collected from scraped T3S femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.14: Averaged spectrum collected from scraped T3S rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.15: Averaged spectrum collected from scraped T3S scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.16: Averaged spectrum collected from scraped T3U femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.17: Averaged spectrum collected from scraped T3U rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.18: Averaged spectrum collected from scraped T3U scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.19: Averaged spectrum collected from scraped T4S femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.20: Averaged spectrum collected from scraped T4S rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.21: Averaged spectrum collected from scraped T4S scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.22: Averaged spectrum collected from scraped T4U femur using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Figure E.23: Averaged spectrum collected from scraped T4U rib using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
 
 
 
Figure E.24: Averaged spectrum collected from scraped T4U scapula using benchtop Bruker 
Vertex70 RamII instrument at 1064 nm. 
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Appendix F 
 
 
 
Figure F.1: Averaged spectrum collected from scraped T1S femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.2: Averaged spectrum collected from scraped T1S rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure F.3: Averaged spectrum collected from scraped T1S scapula using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.4: Averaged spectrum collected from scraped T1U femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
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Figure F.5: Averaged spectrum collected from scraped T1U rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
 
 
 
Figure F.6: Averaged spectrum collected from scraped T1U scapula using portable EZRaman-
NP-785 Analyzer at 785 nm. 
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Figure F.7: Averaged spectrum collected from scraped T2S femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
 
Figure F.8: Averaged spectrum collected from scraped T2S rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure F.9: Averaged spectrum collected from scraped T2S scapula using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.10: Averaged spectrum collected from scraped T2U femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
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Figure F.11: Averaged spectrum collected from scraped T2U rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
 
 
 
Figure F.12: Averaged spectrum collected from scraped T2U scapula using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure F.13: Averaged spectrum collected from scraped T3S femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.14: Averaged spectrum collected from scraped T3S rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure F.15: Averaged spectrum collected from scraped T3S scapula using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.16: Averaged spectrum collected from scraped T3U femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
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Figure F.17: Averaged spectrum collected from scraped T3U rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
 
 
 
Figure F.18: Averaged spectrum collected from scraped T3U scapula using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
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Figure F.19: Averaged spectrum collected from scraped T4S femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.20: Averaged spectrum collected from scraped T4S rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
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Figure F.21: Averaged spectrum collected from scraped T4S scapula using portable EZRaman-
NP-785 Analyzer at 785 nm. 
 
 
 
Figure F.22: Averaged spectrum collected from scraped T4U femur using portable EZRaman-
NP-785 Analyzer at 785 nm. 
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Figure F.23: Averaged spectrum collected from scraped T4U rib using portable EZRaman-NP-
785 Analyzer at 785 nm. 
 
 
Figure F.24: Averaged spectrum collected from scraped T4U scapula using portable 
EZRaman-NP-785 Analyzer at 785 nm. 
